
DOCUMENT RESUME

ED 080 337 SE 016 459

TITLE The Oxides of Nitrogen in Air Pollution.
INSTITUTION California State Air Resources Board, Sacramento._
puB DATE Jan 66
NOTE _115p.

EDRS PRICE MF-$0.65 HC-$6.58
DESCRIPTORS *Air Pollution Control; Ck;mical Reactions;

Environmental Influences; Motor Vehicles; *Oxidation;
Research; *Special Health Problems; Statistical Data;
*Technical Reports

IDENTIFIERS California; *Nitrogen; Research Reports

ABSTRACT
Research on the health effects of oxides of nitrogen

and on the role of oxides of nitrogen in producing photochemical smog
effects is presented in this report._ Prepared by the California State
Department of Public Health at the request of the State Legislature,
it gives a comprehensive review of available information, as well as
the need for air quality and motor vehicle emission standard for
oxides of nitrogen._ Chapters are titled: The Oxides of Nitro and
Their Formation, Oxides of Nitrogen from Motor Vehicles, Oxides of
Nitrogen from stationary sources, Increases in Oxides of Nitrogen
Emissions, Oxides of Nitrogen in the Atmosphere, Color Effects of
Nitrogen Dioxide in the Atmosphere, Phytotoxicity of Nitrogen
Dioxide, Photochemical Effects of Nitrogen Oxides, and Biologic
Effects of Nitrogen DiOxide.-Bummary statements indicate that oxides
of nitrogen play an important role in California's air pollution
problems._ Also, since increases in oxides of nitrogen emissions and
nitrogen dioxide concentrations are expected, it is important to
consider the direct effects of nitrogen dioxide on health,
vegetation, and color of the atmosphere, as well as the photochemical
smog effects. Numerous charts, diagrams, and figures are used to
support the data. (EL)



of The Oxides of Nitrogen
WI in Air Pollution

FILMED FROM BEST AVAILABLE COPY

U S DEPARTMENT OF HEALTH,
EDUCATION & WELFARE
NATIONAL INSTITUTE OF

ECIWZATION
THIS DOCUMENT HAS SEEN REPRO
DUCE° EXACTLY AS RECEIVED FROM
THE PERSON OR ORGANIZATION ORIGIN
ATING IT POINTS OF VIEW OR OPINIONS
STATED DO NOT NECESSARILY REPRE
SENT OFFICIAL NATIONAL INSTITUTE OF
EDUCATION POSITION OR POLICY

ONIGNALLY FrOlILISIDD JANUARY 196E;

2nd PRINTING - NOVEYBER 1969

STATE OF CALIFORNIA AIR RESOURCES BOARD
11G8 - 114th Street

1. RC iii1 aNTO, CALIFORNIA 95814



a

CONTENTS

Introduction

Conclusions and Recommendations

Chapter I ---- The Oxides of Nitrogen and Their Formation . .

Chapter II --- Oxides of Nitrogen from Motor Vehicles

iii

7

Chapter III -- Oxides of Nitrogen fras. Stationary Sources . . . 19

Chapter IV --- Increases in Oxides of Nitrogen thissions

Chapter V Oxides of Nitrogen in the Atmosphere 33

Chapter VI --- Color Effects of Nitrogen Dioxide in the Atmosphere 53

chapter VII Phytotoxicity of Nitrogen Dioxide

Chapter VIII - Photochemical Effects of Nitrogen Oxides

65

Chapter Biologic Effects of Nitrogen Dioxide 91



A

INTRODUCTION

Oxides of nitrogen play an important role California's air pollution
problem. They are e.ft4:.tial ingredients in the formation of photochaN-
teal air pollution. The complex chain reaction whiih produces Jam
manifestations is initiated by the photolysis of nitrogen dioxide. If
present in sufficient amounts, nitrogen dioxide is toxic to humans and
vegetation. Under some conditions, it imparts a reddish-brown color to
the atmosphere.

The State Department of Public Health has continually supported, con-
ducted, and urged others to conduct, research on the health effects of
oxides of nitrogen and on the role of oxides of nitrogen in producing
the photochemical smog nffects. It has retained consultants and has
sought the advice of recognised experts on health and other ettIcts and
on the smog reaction. It has continually reviewed and evaluated all
pertinent information on oxides of nitrogen and has consulted with its
Advisory Committee on all developments.

With the establishmeot of its Vehicle Pollution Laboratory in Los Angeles,
the Department has greatly increased its studies of nitrogen oxide
emissions from vehicles and of the oxides of nitrogen - hydrocarbon
reaction.

In 1964 the State Board of Public Health adopted a resolution stating
that, in its opinion, oxides of' nitrogen standards for automobile -exhaust
emissions were.needed. As a result, the Board instructed the Department
of Public Health to prepare a report on the subject and indicated its
intention of considering such standards after reviewing the report.

Later, in June 1965, the State Legislature passed a resolution calling
upon the Department to establish standards for oxides of nitrogen as
found necessary for the "protection of the public health and wellbeing".
It also directed that a progress report be submitted by the Depart-
ment in July 1965 to the Senate Fact Finding Committee-on Transporta-
tion and Public Utilities and the Assembly Interim Committee on Trans-
portation and Commerce; to the Motor Vehicle'Pollution Control Board on
Decadber 1 1965; and_ to the egialatureon or before the fifth day of
the 1966 Budget Session.

This reporti *The Oxides of Nitrogen in Air Pollution", has been pre-
pared ia ounpliance with, these requests. In it is presented a compre-
hensive review of the available information upon which can be based a
sound judgment on the need for air quality and motor vehicle emission
standards for *a:leiter of nitrogen.



The report has drawn freely from many sources and includes contribu-
tions from several experts. While it gratefully acknowledges all
assistance, the Department accepts full responsibility for the inter-
pretation of the data and for the opinions expressed here.
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CONCLUSIONS AND RECOMMENDATIONS

Oxides of nitrogen play an important role in California's air pollution
and so must be taken into account in any pro dam of setting standards
for ambient air quality and motor vehicle missions. If present in
sufficient quantities, nitrogen dioxide can be injurious to health, dam-
age vegetationsand impart an undesirable color to the emosphere.

Nitrogen oxides are formed during combustion processes. Power plants,
internal combustion engines, space heaters, water heaters, and industrial
processes comprise the important sources of these gases. The relative
contribution of oxides of nitroges from motor vehicles and non-vehicular
sources varies from community to calamity. In heavily industrialized
metropolitan areas, where there are thermal power plants, motor vehicles
emit f 50 to 60 percent of the total oxides of nitrogen in the atmos-
phere. In non-industrialized urban areas, and in the absence of thermal
power lents, the contribution from motor vehicles may be as high as 90
pert t.

The highest concentrations of oxides of nitrogen (nitric oxide plus nitro-
gen dioxide) in California have been measured in los Angeles County. One
part per million has been exceeded many times, and the maximum recorded
concentration has been 3.9 parts per million. :cos Angeles has also had
the highest recorded Concentrations of nitrogen dioxide in the State, 0.5
part per million -.airing been exceeded many tines and 1 part per million
having been exceeded on occasion.

Oxides of nitrogen missions are related to fuel consumption and the
number of motor vehicles. These emissions for the State as a whole are
expected to almost double by 1980; in the more rapidly growing areas they
will more than double. Also, hydrocarbou control may cause an increase
in the time-concentration exposure of nitrogen dioxide. The expected
increases in oxides of nitrogen emissions and nitrogen dioxide concentra-
tions make it important to consider the direct effects of nitrogen dioxide
on health, vegetation, and color of the atmosphere, as well as the photo-
chemical smog effects.

The effects of oxides of nitrogen in air pollution are summarized as
follows: These effects, singly or in combination, can be used as-the
basis for ambient air quality standards.

BICLOGICAL ai4C1:5 - The information available on toxicity of nitric
oxide indicates that it is less toxic than nitrogen dioxide and
that an ambient air quality standard based on the health effects of
nitric oxi,le need not be established at this time. Nitrogen dioxide,

however, is mori`toxic, and its effect on the health of man and
animals is of greater concern. Thus, ambient air quality standards
for nitrogen nioxide are recommended. 4



A serious level ambient air quality standard for nitrogen dioxide
at 3 parts per million for one hour was recommended by the Depart-
mentos consultants. The concentration of 3 parts per million is
not as firmly supported by scientific data as would be desired by
the Deparbsent and its consultants. It is, however, the best value
that can be established at this time. In making their recommenda-
tions, the consultaats stressed the need of additional research on
the health effects of oxides of nitrogen.

The recommended standard is for acute exposures; it does not include
consideration for the effect of prolonged exposures to lowconcea-
trations. Limited studies have shown that prolonged exposures to
nitrogen dioxide at 0.5 - 1.0 part per minion can be detrimental
to healihcfamiamla. However, the data is not considered adequate
for establishing a standard based on long -ten a effects at this time.

PHTTOTOXIC OM= OF NITROGEN DIOXIDE - Data on phytotoxic effects
indicate that exposowto 2-3 parts per million of nitrogen dioxide
may cease acute damage to sensitive plants. There is also evidence
that lowteem egoism* to Mk at concentrations below 1 part per
milles may lead to growth suppression, chlorosis and perhaps pre-
mature abscission of leaves. mares to 1 part per million nitro-
gen dioxide for eight boars will produco significant =gr owth re duct-

Usu. egPrimmed as fresh and dry weight, with no visible lesions.

CCLORATION - Nitrogen dioxide absorbs light in both the
ultraviolet amid Amble spectrus. In sufficient concentrations it
mdll redoes the brightness and the contrast of distant objects and

impartayallow-havem color to the horison sky and distant
widte objects. The coloration effects are even more noticeable as
the smaihmrefaeresols in the atmosphere decreases.

It has been estimated that, at 0.25 part per Billion, on a day
Mme the visibility is 20 miles, the color effect on objects at 10
miles distant mill be objectionable to the public.

The eascemtration of 0.25 part per million nitrogen dioxide is lower
than tie emacemtration that would be established in a standard based
on ydrytetesic effect. It is believed that a standard of 0.25 part
per million would 'meet possible plant damage by nitrogen dioxide.
In addition, the data available indicates that 0.25 part per million
is low tier. ;me concentrations at which effects on health would
be expeeted from prolonged exposures to this gas.

PEOTOWENICAL HMO IFFECf3 - There is agreement among individuals
emgmgia in phadocommical smog studies on the need to control hydro-
carbon f3dealions. With respect to oxides of nitrogen, the studies
do not p.rev ide a basis for predicting the exact effect of COMM...
tratices of tape gases to photochemical smog fonaation. The lab-
oratory studies an photochemical smog show the following:
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1. The decision to require hydrocarbon control for motor vehicles
is supported by a preponderance of evidence. Control of
hydrocarbons alone will reduce eye irritation, vegetation
damage, and ozone and aerosol formation; and the greater the
degree of hydrocarbon control, the greater the reduction of
the smog Products. The hydrocarbon control program in Califor-
nia should, therefore, proceed as rapidly as possible.

2. The benefits of further reduction of smog products from oxides
of nitrogen control will depend on the effectiveness of the
hydrocarbon control progress. The more effective the control
of hydrocarbons, the less significant will be the benefit
realised from the control of oxides of nitrogen. Mast of the
experimental findings indicate that, with effective hydrocarbon
control, moderate reduction of oxides of nitrogen may not
itirther reduce slog effects. In fact, some of the laboratory
data indicate that moderate- reduction of oxides of nitrogen
emissions may negate some of the benefits gained from hydro-
carbon control.

In order to achieve clear-cut benefits beyond those from
nYdrocarbon control, a standard for oxides of nitrogen in the
atmosphere would have to be set at a very low level, 0.1 part
per million or less. Such a standard would limes a very
stringent, perhaps even unrealistic, control. of nitrogen
oxide emissions from all sources. In view of the uncertainty
of the supporting data and the conflicting opinions of scien-
tists, a standard based on the specific role of oxides of
nitrogen in photochemical air pollution is not recommended
at this tine.



Chapter I

THE OXIDES OF NITROGEN AND THEIR FORMATION

The oxides of nitrogen (NOx) are compounds of the two most abundant
gases in air, oxygen and nitrogen. Seven Known oxides of nitrogen are
shown in Table I:

TABLE I

THE OXIDES OF NITROGEN

KUM Chemical Symbol

Nitrous Oxide N20

Nitric Oxide NO

Nitrogen Dioxide 1102

Nitrogen Trioxide NO3

Nitrogen Sesquioxide N203

Nitrogen Tetroxide 1N204

Nitrogen Pentoxide N205

The first of these, nitrous oxide, is a colorless gas and occurs natu-
rally in air at a concentration of about 0.5 parts per million parts
of air by volume (PW).(1) It is said to be formed by bacterial action
ana by reaction between nitrogen and atomic oxygen or ozone in the upper
atmosphere.(2) The gas is employed as an anaesthetic, and its common
name is "laughing gas". Chemically it is inert at ordinary temperatures
and is of no concern as an air pollutant.

The second, nitric oxide, is formed by the fixation of oxygen and nitro-
gen at high temperatures according to the reaction N2 02 2N0. The
burning of petroleum fuels in internal combustion engines and the com-
bustion of natural gas or oil in boilers, furnaces and heaters are
important sources of NO in California. Nitric oxide, which is colorless,
reacts at ordinary temperatures with the oxygen in air to form the
brownish dioxide according to the reaction NO 102 NO2. The colora-
tion effects of nitrogen dioxide is discussed in a subsequent chapter.



The rate of formation of nitrogen dioxide from nitric oxide and oxygen
in air increases as the square of the nitric oxide concentration. The
reaction proceeds very rapidly at high nitric oxide concentrations and
very slowly at low concentrations. At a concentration of 1000 ppm
nitric oxide, about 5 minutes are necessary to convert one-half of the
nitric oxide to nitrogen dioxide. At a concentration of 1 ppm, 100
hours are required for one-half conversion and, at 0.1 ppm, 1000 :ours
are required. In the presence of hydrocarbons and when irradiated by
sunlight the conversion of nitric oxide to nitrogen dioxide is much
faster than can be accounted for by the reaction of nitric oxide with
molecular oxygen. The photochemical conversion will be discussed in a
later chapter.

The remaining oxides of nitrogen - N203, ho L, NO1 and N205 - exist in
the atmosphere in equilibrium with nitric oxide, atrogen dioxide and
other compounds, but their concentrations are very small. For example,
nitrogen tetroxide exists in equilibrium with NO2, i.e., 2 NO27211204.
At a concentration of 0.1 ppm NO2 in the atmosphere, the equilibrium
concentration of N204 is only 7 x1C1-14 ppm.

NO3 and N205 in urban air exist in equilibria with ozone (03), NO, and
NO2. It has been calculated that, at concentrations of 0.1 ppm of 03
and NO2 and of 0.01 ppm of NO, the upper limit eouilibrium concentration
of NO3 is 7.5 x -104 ppm. Under the same conditions, tine upper limit
equilibrium concentration of N205 is 2.2 x 10-4 ppm.4).

Thus, of the oxides of nitrogen, only.nzuric oxide and nitrogen dioxide
concentrations are sufficiently high to be of concern in air pollution.
Indeterminant mixtures of NO and NO2 are referred to in this report as
NOx.

Nitrogen dioxide hydrolizes in water to form nitric and nitrous acid,
2102 H2O = HM03 HNO2. Chemical methods commonly used to determine
the emissions of NOx from stationary sources or from motor vehicles are
based on the measurement of either nitrite (NO2-) or the nitrate (M03')
ion. In practice, NO is first oxidized to NO2 and the latter is then
absorbed in an aqueous reagent. The results are usually expressed in
terms of NO2.

Chemical equilibrium and reaction rate data have indicated that nitric
oxide is the predominant oxide of nitrogen formed in combustion pro-
cesses. Measurements of NO and NO2 in tOejughauet Gave shown that this
is true for internal combustion engines.OMMIVISi

The concentration of NOx emitted from a ,combustion process is affected
by the peak temperattre and its duration, the availability of free oxygen
and nitrogen, and the rate of coo of the gases. It has been esti-
mated that at about 27800F, with

ling

=oxygen present, 4400 ppm NO is
formed at equilibrium and 90% of the equilibrium value is reached in
12 seconds. At 38(00F, 20,000 ppm NO is formed mad 90% of the equilib-
rium concentration is reached in one-half second.t2) To maintain the
90% of the NO formed at the high temperature, however, requires that
the gases are cooled to 31400F in about two-hundredths o: a second, or
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at a rate of approximately 20,000°C/sec. At temperatures below 27800F
the rate of,aepolposition of NO to molecular oxygen and nitrogen becomes
negligible.k2A3) However, the amount of NO formed at 2780°F and even
at several hundred Ogress lower is not negligible films the standpoint
of air pollution.a)

In the operation of an internal combustion engine, the peak combustion
temperature and oxygen content are affectea by the air-ftel (A/F) ratio.
At A/F ratios below 12:1, the system is oxygen-deficient, and the nitric
oxide concentration is fount; to be very low. Increasing the A/F ratio
above 12:1 raises the exnaust NO 4oncentration sharply, reflecting the
increase in combustion t.-tperature and the availability of oxygen. The
A/F ratio "or mAvimum oxides of ni-alogen formation ranges fop 15:1 to
17:1, which is slightly leaner the 1 the stoichiometric A/F.01 Further
leaning of thc nir- :..al mixture mduces the peak combustion temperature
and, thereby, reduces the nitric oxide formation.

The compression ratio, ignition timing, and manifold air pressure also
affect the peak combustion temperature. The effects of these factors
on oxides of nitrogen concentrations are shown in Figures 1, 2 and A%
As shown, the effects are greatest when the A/F ratio is about 16:1m

The mass emissions of oxides of nitrogen depend on the concentration
and on the volume of gases discharged during a combustion process. Thus
the modes of motor vehicle operation which produce high temperatures and
high exhaust volumes account for he greater part of the mass emissions
from automobiles. Way and Pagleyk10) found that most of the NO emis-
sions from motor vehicles occur OurOg the fast cruise and rapt accel-
eration modes. Daigh and Deeter 11 reported that the quantity of NO
emitted from motor vehicles increases with vehicle speed. Rose et al,
however, reported that exhaust emissions of oxides of nitrogen are
indepemdept of average route speed but are dependent on engine air-fuel
ratio.k12/

Oxides of nitrogen formation in boilers and other industrial combustion
equipment also increases with increasing peak combustion temperatures and
to a degree with increasing amounts of excess air provided for combustion.
hmissions from power plant boilers have been reduced by recirculating a
portion of the flue gases back into the firebox. This reduction was
postulated to be the result of a reduction of the temperature of the oom-
bustion gases in the zone where nitrogen is fixed, 137 Reduction of
NOx emissions from steam plants was accomplished by reducing the quantity
of primary combustion air in a 2-stage method of combustion. By using
95% primary air and completing the,buraing with secondary air, NOx
emissions were reduced almost 50%.014) A decrease in burner load also
produced a decrease in flame temperature and a resulting decrease in
oxides of etrogen emissions. 14j

In a study of emissions from stationary sources it was found that.,p4des
of nitrogen increased as the heat input to the power of 1.18.15A1°'
This exponential increase of oxides of nitrogen may be due to nigher
combustion temperature attained in the larger combustion equipment.



FIGURE 1

EFFECT OF SPARK TIMING ON
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FIGURE 3
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FIGURE 2

EFFECT OF COMPRESSION RATIO ON
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A

Chapter IE

OXIDES OF MTROGEN FROM MOTOR VEHICLES

In considering oxides of nitrogen attributable to motor vehicles, it
should be noted at the start that the largest percent, almost all in
fact, are emitted from the exhaust system. The total of oxides of
nitrogen emitted from the crankcase is but one percent of that emitted
from the exhaust, according to measurements and theoretical calculations.

Oxides of nitrogen in exhaust emissions have been measured, along with
other contaminants, in several surveys. The surveys covered a large
number of gasoline vehicles selected to represent either the total
vehicle population or special segments of it. These include the Los
Angeles Test Station Project, the Coordinating Research Council Survey,
and the California Department of Public Health Specialised Vehicle
Survey. A brief description and a mammy of the data from each of
these studies follow:

THE LOS ANGELES TEST STATION PROJECT

The Los Angeles Test Station Project (1962-63) was a cooperative effort
of the Auto Club of Southern California, the Automobile Manufacturers
Association, the Los Angeles County Air Pollution Control District, the
U.S. Public Health. Service, the California Motor Vehicle Pollution Con-
trol Board, and the State Department of Public Health. It consisted of
two parts. Part I- the Correlation Study - determined the relationships
of a variety o& operating factors to exhaust contaminant concentrations.
Part II - the Mass Testing Study - determined the exhaust emissions from
more than 1400 cars, using an Somode chassis dynamomter cycle. The
operating modes and the weighting factors are shown below.

IA*

0-25 mph
30 mph

30-15 mph
15 mph.

15-30 mph
50 mph

50-20 mph
Idle

8-HODE CYCLE

acceleration
cruise
deceleration
cruise
acceleration
cruise
deceleration

Weighting Factor

24.4%
6.1

6.2
5.0

45.5
5.7
2.9
4.2
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In the Correlation Study, NOx emissions from 28 cars, 17 standard size
and 11 compacts, were determined with the following four procedures:

la - Cars were driven in Los Angeles on a route typifying Los
Angeles driving. Composite samples were collected using a
proportional sampler.

2a - Cars were driven through the State 11-mode cycle on the Los
AngelesRiver Bottom (dry season). Samples were collected
by proportional sampler.

2b - Cars were driven through the State 11-mode cycle on the Los
Angeles River Bottom. Composite NO samples were collected
manually during cruise and accelernilon modes.

3b - Cars were driven through 8-mode cycle on dynamometer. Com-
posite NOx samples were collected manually during cruise and
power modes.

The means, standard deviations, and upper and lower 95% confidence limits
of the NOx emissions determined by the different procedures are shown in
Table I.

Tattle"

MINS Of VITRO= C0NSI7RAT10116
ST ratan= PROCEDUNDS

_ le 2a 3b

ALL CARO It

Neon 1,364 1,199 1,414 1,1,63
Standard Deviation 460 460 528 533
95% Confidence Limits

On moan lower 1,185 1,021 1,205 1,239

Wm' 1,542 1,378 1,623 1,686
On individual lamer 421 256 32? 323

uPPir 2,302 2,143 2,501 2,603

STANDARD CARS
Neon- 1,499 1,265 1,541 1,543
Staniard Deviation 502 533 57k 672
95% Comfidemos Limits

On mean lower 1,261 991 1,235 1,172
Kamm 1,757 1,519 1 as?

'318
1014

On individeel laser 425 105
Aver 2,563 2,395 2,76k Wel

=PACT CAM
Dian 1.156 1,098 1,229 1.354
SArmAani Deviation 297 316 406 332
956 Confidence Limits

OA mean lower 955 886 955 2,11
u9Pbr 1,354 1,310 1,503 1,577

On individual lemsr 492 394 320 64)
upper 1,816 1,8o1 2,138 a,osh

Sourosi Report to the Steering Comdttes, Ion
Angeles Test Station Project by Charles
S. Needy, ammo 10, 1963.

.8.



The correlation between pairs of sampling procedures are shown below in

Table II.

Table II

COMPARISON OF RESULTS WITH DIFFER6NT PROCEDURES

3b/1a 3b/2a 3b/2b 14/24 1a/2b 2a/2b

ALL CARS
Ratio of the Means 1.07 1.22 1.03 1.114 0.97 0.85
Correlation Coefficients 0.81414 0.918 0.921 0.887 0.886 0.871

STANDARD CARS
Ratio of the Means 1.03 1.22 1.00 1.19 0.97 0.82
Correlation Coefficients 0.863 0.939 0.955 0.891 0.906 0.930

COMPACT CARS
Ratio of the Means 1.17 1.23 1.10 1.05 0.94 0.89-
Correlation Coefficients 0.808 0.830 0.884 0.935 0.772 0.716

Sources In part, from Report to the Steering Committee UM Angeles
Test Statics Project, by Charles S. Tuesday, June 10, 1963.

The NOx concentration from 11 vehicles was Measured for each of the
power modes of the 8-mode cycle. The results are tabulated in Table III.
As shown, the emissions are highest during acceleration, and are directly
related to vehicle speed. This is in agreement with results obtained
from other emissions surveys and from studies using test engines.

Table III

-OXIDES OF NITROGEN CONCENTRATIONS BY MODE OF OPERATION

(pp. 1102)

CAR
NUMBER

TYPE OF
TRANSMISSION

15-30 mph
ACCELERATION

0-25 mph
ACCELERATION

15 mph
CRUISE

30 mph
CRUISE

50 mph
CRUISE

27 MANUAL 1,512 1,526 70 616 1,405
28 MANUAL 2,179 1,576 95 1,108 2,379

1005 MANUAL 1,068 646 145 296 339

1021 MANUAL 2,198 1,279 88 807 2,190

29 AUTOMATIC 2,724 2,200 1,378 1,834 2,712
1001 AUTOMATIC 617 801 53 332 66h
1002 AUTOMATIC 1,217 448 37 747 2,132
1003 AJTOMATIC 1,353 314 he 2118 1,071
1004 AUTOMATIC 2,276 2,040 199 815 1,157
1006 AUTOMATIC 2,368 1,730 174 1,831 2,050
1018 AUTOMATIC 1,129 1,157 260 1,1146 1,279

Average 1.694 1,247 204 889 1,581



Table IV shows the mean emission of exhaust NOx measured on 8-mode cycle
during the mass testing phase. Oxides of nitrogen composite samples
were collected by means of a :3pocially designed ampler, and were ana-
lyzed by the phenoldisulfonlc acid (MS) method.

The means Phown are simple averages and have not been adjusted for types
of transmission, the population profile, the percent CO 4. CO2 or other
factors which can affect the average emissions of oxides of nitrogen.

Table IV

AVERAGE EXHAUST EMISSIONS OF
OXIDES OF NITROGEN

BY TEST GROUPS OF VEHICLES

TEST GROUP
ppokNO2

General PUblicl 709 997
Auto Club Employees 67 1,158
Pickup Trucks 22 964
Auto Club Owned 5 1,798

1Vehicles brought in by auto club
members for speedometer chick-V.0

The cumulative frequency distribution of emissions by transmission type,
weighted according to the number of cars in each category, are shown in
Table V.

%Me V

WWWWCY DISTILUUTIOS Or sums OP mess ce srmosmi
E 11F2 OP TRANOUSZON Swat

(PP SW

?TM WP
enesiassios 163151M

OF
WHICLO

PWCWW OF =cum moms !fit 00102WRAFIO11 IBM FIVIS WOW

NW-
SO 70 60 50 10 INV .p

170
1,075
1,015

Atdossits
111 rihislss

22$
553
761

65
20
20

275
360
325

465
555
510

565
725
570

705
SW
520

645
1,010

950
1,175
1,110

1,155
1,330
1,250

1,405
1,560
1,580

1,750
1,550
1,700

2,430
3,210
3,210

&wrest Mapted Tres a report So the Stowing OssivIttas, L44 bodes ?sib 31661as PIONS
by Oberlos 1, Zimmer, 00$0100, It 1963.
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Table VI summarizes the NOx emissions from cars classed according to
weight,-to-engine displacement ratio (gross weight of automobile, in
pounds, divided by the engine displacement in cubic inches). Of the
vehicles ecuipped with manual transmissions, those having a weight-to-
aisplacement ratio between 12.0 - 15.9 emitted the highest concentra-
tions of NOx.

Table VI

WEIGHTED AVERAGE NITROGEN OXIDE EMISSIONS BY RATIO OF GROSS WEIGHT
TO MINE DISPLACEMENT

(PPE NO2)

RATIO:
GROSS WEIGHT

TO
ENGINE DISPLACEMENT

AUTCUATIC TRANSMISSICS1 MANUAL TRANSMISSION

Number
of

Vehicles

Number
Standard of Standard

Mean Deviation Vehicles Mean Deviation

8.0- 9.9
10.0-11.9
12.0-13.9
14.0-15.9
16.0-17.9
Unknown
All Vehicles

17 1,072 452 3 393 124
239 1,067 606 29 610 314
210 1,093 560 97 939 486
59 1,039 536 71 911 529
18 1,014 493 15 66? 326
10

1,075 575 870 1150

Source: See Table V.

Analyses of the Test Station Project results disclosed a statistically
significant difference in the mean levels of NOx for cars of different
types of transmission. As shown in Table VI, the mean NOx concentration
was 1075 ppm for cars with automatic transmission compared with 870 ppa
for cars with manual transmission.

Based on statistics reported in Automotive Mews Almanac(1) in 1962, 40
of the U.S. made cars were equipped with automatic transmission. The
weighted average for the 1962 car population is therefore:

(1075)(0.63) (870)(.37) 1000 ppa



COORDINATING RiSbARCH COUNCIL SUaVLY

In 1956, the Coordinating Research Council, Inc. (CRC) tested 272
vehicles. Sxhaust gases were sampled for NOx during four power modes,
and the NOx content analyzed by the PDS method.

The summary of the oxides of nitrogen emissions shown in Table VII was
reproduced from the CRC report,k2)

Table VII

SUMMARY OF OXIDES OF NITROGEN EMISSIONS BY MODE OF OPERATION

(ppm NO2)

CONDITION 50 mph
CRUISE

30 mph
CRUISE

15-30_1*Ph
ACCELERATION

2045 matt:

ACCELERMON

Nnmber of
Samples 266 271 274 269

Average Emissions
Pounds Per Rour 0.577 0.178 0.506 0.703

Average Eisissions
PPM 1,625 905 1,700 1,185

Includes 2.5%
of Samples 90 1O 110 166

Includes 7.5%
of Samples 3,776 2,338 3,584 2,742

CALIFORNIA DEPARTMENT OF PUBLIC HEALTH SPECIALIZED VEHICLE STUDY

In 1963, the California Department of Public Health contracted with the
Los Angeles County Air Pollution Control District to investigate agate-
sions from three groups of specialised vehicles - a group of 15 U.S.
compact cars, a group of 50 foreign compact cars and a group of 10 U.S.
light trucks. Of the U.S. compacts, 5 had automatic and 10 had manual
transmission. Foreign compacts and American trucks were equipped with
manual transmission.

Measurements of oxides of nitrogen in exhaust were made during two power
modes - 40 mph cruise, and 15-10 mph acceleration. The samples were
analyzed by the PEES method.

-12-



The results from the Specialized Vehicle Survey are summarized in Tables
VIII, IX, and X. As shown, the average oxides of nitrogen concentra-
tion in the exhaust of 15 U.S. compacts, operated at 15-30 mph, is very
close to the CRC results for this mode. The foreign compacts and U.S.
trucks had lower emissions. These latter vehicles were all eouipped
with manual transmission.

?able VIII

NITROGEN OXIDE comunkanos Vf Mt OP TRANSMISSION
AND 10D2 OF OPERATION

UNITED SNITS COPAL, CANS

(PPE 102)

AUTCHAPIC
TRAIIIIIISS/014 MAIM TRAMOMISTION ALL CARS

15.30 mph 40 mph 15.30 mph 1 40 sigh 15.30 dpi 40 mph
ANI0141,4144 Orals* Aseolorstiam ? Craves 6saelaration CMOS

4.--....-
Number of Oars 5 5 lo 10 15 15Me= 2,133 1,606 1,482 1,316 1,679 1,463Median 2,200 1,540 1,395 1,405 1,561 1,533Stamdari Deviation 1,063 706 525 500 761 563Smallest 'blue 769 637 556 719 556 637largo* 1,11a0 3,639 2,629 2,363 2,457 3,639 2,629NNW [ 2,670 1,992 1,625 1,736 3,061 1,992

Table II

NITROGEN OXIDE CONCENTRATION
MA ME OF OPERATION
FOREIGN COMPACT CAM

MANUAL TRANSMISSION ONLY

(ppm NO2)

aPh
Cruise

Number of Oars 50 50
Haan 1,213 753
Median 1,136 634
Standard Deviation 581 513
Smallest Vilma 102 71
Largest Value 2,829 2,880
Range 2,727 2,809

3-
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Table X

NITROGEN OXIDE CONCENTRATIONs IN EXHAUST
BY MODE OF OPERATION

UNITED STATES LIGHT TRUCKS
MANUAL TRANSMISSION

(PPm NO2)

1530 mph
Acceleration

40 mph
Cruise

Number of Trucks 10 10
Mean 1,456 1,019
Median 1,391 1,091
Standard Deviation 492 460
Smallest Value 783
Largest Value 2,577 1,294644
Range 1,794 1,550

MISSIONS OF NOx FROM DTRRELS

Emissions of oxides of nitrogen from diesels have not been comprehen-

sively studied. The few limited studies that have been made are mostly
on laboratory test engines. An exception to these is the study of
exhaust emissions frog diesel, gasoline and propane powered coaches
during city driving.t3) A review by the Department in 1962 of all
data available revealed that NOx concentrations in diesel exhaust were
lower than those in gasoline exhaust under comparable operating con-
ditions; however, because diesels emit larger volumes of pxbaust, the
mass emission of NOx from diesels may be slightly higher. 4

A recent study of emissions from laboratory engines and truck-mounted
engines under a variety of operating conditions shows the maximum NO
concentration detected to be 1100 ppm. This i; about half the maximum
NO concentration measiLJd in gasoline exhaust.0) In this study, as
well as others, it was found that most of the oxides of nitrogen emit-
ted were in the form of nitric oxide.

NOx emissions from diesel vehicles have been-shown to vary considerably
depending on engine type, engine design and loading, and other factors.
The limited data available are not adequate for delineating the exact
role of diesel emissions in air pollution and for establishing emission
standards. They do indicate that the mass emission of NOx from diesels
is about the same or slightly higher than emissions from gasoline vehi-
cles.

-1G-
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aTIMATES OF MASS EMISSIONS OF IIO FROM MOTOR VEHICLES

The total weight of oxides of nitrogen emitted daily from motor vehicles
in a community may be estimated by multiplying the total motor fuel con-
sumption in gallons per day by an average BOx emission factor in pounds
per gallon of fuel. The emission factor for ios Angeles vehicles is
derived as follows:

Studies of D'Alleva,(4) and the more recent one by Leonard,(7) indicate
that A/F ratios are relatable to CO and 002-concentrations in exhaust.
According to the method suggested by Leonard, and assuming that the
method is applicable to weighted average concentrations obtained from
a combination of operating modes, the wet basis CO and CO2 concentra-
tions of 3.42 and 11.3 respectively (Test Station averages) would oor.
respond to an A/F ratio of 13 to 1. This is confirmed by actual road
test dati which indicate that,the A/F ratio for a random sample of Los
Angeles vehicles is 12.9:1.0) With vehicles operated at this A/ ratio
on the road, the Average 110x concentration in exhaust is 975 PA09)

The specific gravity of gasoline referred to as Los Angeles "basin mix"
has been reputed to be 0.745, corresponding to a density of 6.2 pounds
per gallon. kluv On this basis, the average volume of intake air per
gallon fit' fuel consumed would equal:

13.0 lb/lb x 6.2 lb/gal 379 cf/mol 1053 cf of air/gal
.29

Assuming that the average exhaust volume equals the average intake air
volume, the weight of ROx emitted (determined as B02) therefore equals:

1053 ..cf. 46 lbimpl 0.13 lb /gal
gal 1 379 cf/Mol

For the 1963 Los Angeles vehicle population, the gross oxides of nitro-
gen emissions would then equal:

0.13 -la x 7 x 106 gal/day x
2000 lb/ton

455 tons/day
Rai

Similarly calculated, the emissions of NOx from motor vehicles in the
San Francisco Bay-Area equal 236 tons per day, in San Diego County
66 tons per day, in Sacramento 40 tons per day, and in Riverside 23 tams
per day.

The estimates of motor vehicle fuel consumed include both gasoline and
diesel fuel. It is assumed in the calculation that the oombustion of a
gallon of diesel fuel produces the same quantity, of oxides of nitrogen
as the combustion of a gallon of gasoline. Approximately 5% of the
motor vehicle fuel sold in California is for use in diesels.

The average emission factor of 0.13 lbs of WO emitted, per gallon of
fuel consumed, was based on results obtained from the L.A. Test Station

-15-



Project wnich is the most recent an0 most comprehensive study. It
should be noted that the average concentrations of NOx, CO, and CO2
were obtained for the present Los Angeles car population tested on
operating conditions purported to renresent Los Angeles driving pat-
terns. It is assumed that the vehicle distribution and the driving
patterns, and, hence, the emission factor derived for conditions in
Los Angeles is applicable to other areas of the state in calculating
the total oxides of nitrogen emissions.

Not taken into consideration in estimating mass emissions of NO, is the
possible effect of cold starts on NOx emissions. For example, a car
left standing for a long period, such as overnight, may emit lower con-
centrations of NOx during the first few minutes. What effect cold starts
may have on the total emissions, therefore, is not known.
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Chapter III

OXIDES OF NITROGEN FROM STATIONARY SOURCES

The wide spectrum of stationary combustion processes which discharge
oxides of nitrogen ranges from small domestic gas appliances to large
thermal power plants. In between these extremes is a large variety of
industrial and commercial processes. Stationary sources have been cate-
gorized by the Los Angeles County Air Pollution Control District accord-
ing to mass emissions of NOx per hour as follows:

Small sources -

Medium sources

those emitting NOx at a rate of less than 5 pounds
per hour.

- those emitting NOx at a rate between 5 to 100
pounds per hour.

Large sources - those emitting NOx at a rate greater than 100
pounds per hour.

In the "small sources" category are included the domestic and commercial
gas appliances. The number of these appliances and, hence, the emis-
sions from this group are directly relatable to population growth. On
the average, discharge volume from this appliances is small and the
oxides of nitrogen concentration in the flue gases is about 50 ppm;
hence, individually,-these appliances emit a very small quantity of
oxides of nitrogen. Hut there is such a large number of these appli-
ances in every community that,'collectively, they represent a signifi-
cant source of NOx.

Also included in the "small sources" category are some metallurgical
furnaces, non-metallurgical kilns, stationary internal combustion
engines Lndling light loads, and some chemical processes. How much of
the total NOx emissions is attributable to these sources depends on the

number of industries which employ equipment in the "small sources" cate-
gory. In most communities, there is at least some light industry where
this kind of equipment is employed.

In the "medium sour.ts" category are larger industrial furnaces (open-
hearth steel fUrnaces and glass furnaces) asphalt paving plants, large
incinerators, refinery heaters, and stationary internal combustion
engines in the 300 to 1799 H.P. class used for driving compressors.

The average concentration of NOx in the flue gases from this category of
equipment ranges from 50 to 2000 ppm. As this equipment is used in a
wide variety of industrial activities, NOx emissions attributable to
this class differ greatly from community to community, depending on the
extent and nature of.industrial development. In rural regions, the
quantity and proportion of NOx emissions from this class teed to be small.



Of the oxides of nitrogen emanating from stationary sources, those dis-
charged from equipment in the "large sources" category account for the
largest proportion of the total. Large manufacturing industries and
thermal power plants are in this category. Emissions from power plants
generally vary with the seasons - greater in winter, less in summer.

In communities where industrialisatio... is not highly developed, and
where large thermal power plants are absent, emissions from stationary
sources would be a comparatively small fraction of the total.

As shown, NOx emissions are higher in winter than in summer. In Los
Angeles, the increase of NOx emissions in the winter over the summer
amounts to 60%. This is the result of increased emissions five thermal
power generation to satisfy a higher electrical demand during winter
months.

Table I shows the data provided by air pollution control districts on
oxides of nitrogen emissions from several California regions during sum-
mer and winter months.

table I

111155105 OP 01.190 111150029 PIM 5TE3IOfl = 9300115
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.
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&IOU )
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SKILL 501111019 4
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4610994161 95 47 4 4 1 1
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Chapter II

INCREASES IN OXIDES OF NITROGEN EMISSIONS

As with community air pollution in general, future increases in oxides
of nitrogen (missions are inextricably linked with the growth of popu-
lation and increases in motor vehicle registrations and fuel consump-
tion. Projections of future increases in the oxides_o: nitrogen must
therefore take into account the trends in those related factors.

The population of California has approximately doubled every twenty
years since 1860. Shortly after 1940, because of this growth and its
attendant increase of fuel consumption, air pollution became increasingly
noticeable in large metropolitan areas in California.

POPULATION OHMS

The population of the State has more than doubled from 1940 to the pre-
sent. Today, the less densely populated counties are growing at an even
more rapid rate than the more densely populated areas such as Los Angeles
County, the San Francisco Bay Area or even the State of California as a
whole. By 1980 the populations of Riverside, Sacramento, and San Diego
Counties are expected to be six times their population in 1940 while the
population of the State and of Los Angeles and the Bay Area, in 1980,
is expected to be only three to four times their 1940 population.

MOTOR VEHICLE INCREASE

Meanwhile, the increase in motor vehicle registration is outstripping
even that of the population. Motor vehicles increased from 2.8 million
in 1940 to the present 9.6 million. 10,1980 it is expected that &mom-
imately 16 million vehicles will be registered in California - five
times the 1940 figure. In some counties, the growth is even more rapid.
An eight-fold increase is expected in the smeller counties by 1980.
Riverside County, for example, is expected to have, in 1980, eight tiltes
more motor vehicles than in 1940.

The data on population and motor vehicle registration for each year
since 1940 are shown in Tables I and II for the State, Los Angeles
County, San Diego County, Riverside County, Sacramento County, and the
San Francisco Bay Area. (The Bay Area Air Pollution Control. District at
present includes the counties of Alameda, Contra Costa, Maria, San
Francisco, San Mateo, and Santa Clara.)
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Table I

ESTIMATED POPULATION
CALIFORNIA 1940-1964 WITH PROJECTIONS FOR 1970, 1975 AND 1980

AS OF DECEMBER 31 EAMI YEAR

(In thousands)

YEAR
STATE

LOS ANGELES
COUNTY

BAY AREA
(6 COUNTIES)

SAN DIEGO
COUNTY

SACRAMENTO
COUNTY

RIVERSIDE
COUNTY--

1940 7,094 2,872 1,637 298 176 109
1941 7,486 2,975 1i699 111
1942 8,121
1943 8,726 )3,322 2,042 125
1944 9,145

1945 9,452 3,517 2,359 1143
1946 9,696
1947 9,948 3,921 2,295 155
1948 10,201 4,071 2,350
1949 10,491

1950 10,887 4,235 2,510 576 287 176
1951
1952

11,384
11,870

4,401
4,626

2,564
2,637

714
756

310

330
184
198

1953 12,309 4,862 2,701 763 346 211
1954 12,761 5,080 2,760 787 3614 224

1955 13,288 5,285 2,838 836 386 238
1956 13,879 5,501 2,938 873 408 254
1957
1958

14,459

15,015
5,697
5,854

3,042

3,149
915
970

432
460

271
288

1959 15,576 5,996 3,257 1,023 493 304

1960 16,158 6,149 3,354 1,070 524 321
1961 16,774 6,317 3,499 1,113 553 340
1962 17,360 6,493 3,625 1,140 576 360
1963 17,974 6,692 3,759 1,158 594 379
1964 18,563 6,836 1,209 624

1970 22,034 7,731 4,610 1,428 783 516
1975 25,034 8,531 5,301 1,613 926 620
1980 28,437 9,342 5,990 1,820 1,083 732

Note: The estimates in the table above were adjusted to December 31
of each year by the Bureau of Air Sanitation from the sources
shown below.

Source: 1940, 1950 and 1960, decennial reports of the U.S. Bureau of
the Census, as of April 1, each year.

1941 through 1948 for Los Angeles, Riverside and the Bay Area
Counties are from the California Taxpayers Association as of
January 1 of the following year.

The 1951-1959 intercensal, the 1961-1964 postcensal estimates
and the estimates for 1970, 1975 and 1980 all as of July 1,
each year, were prepared by the Financial and Population
Research Section, Department of Finance.
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Table II

MOTOR VEHICLE REGISTRATIONS
CALIFORNIA AND SELECTED AREAS

1940.1964, WITH PROJECTIONS FOR 1970, 1975 AND 1980
AS OF DECEMBER 31, EACH MAR

(In thousands)

YEAR
STATE

LOS ANGELES
COUNTY

BAY AREA
(6 COUNTIES)

SAN DIMO
COUNTY

SACRAMENTO
COUNTY

RIVERSIDE
COUNTY

1940 2,803 1,173 57: 114 68 42
1941 2,993 1,262 605 135 71 45
1942 2,869 1,214 565 141 69 41
1943 2,786 1,167 591 137 68 42
1944 2,818 1,170 595 137 70 144

1945 2,893 1,192 605 140 71 46
1946 3,140 1,302 636 148 79 52

1947 3,525 1,463 710 164 90 59
1948 3,805 1,572 775 179 99 64
1949 4,159 1,696 851 198 110 69

1950 4,618 1,882 945 221 125 75
1951 4,919 2,006 1,007 2142 137 79
1952 5,147 2,096 1,040 265 147 85

1953 5,497 2,269 1,097 285 159 93

1954 5,692 2,382 1,126 294 165 98

1955 6,181 2,600 1,218 316 182 110
1956 6,526 2,716 1,281 341 194 118
1957 6,826 2,826 1,335 369 206 125
1958 7,293 2,937 1,432 405 227 137
1959 7,393 2,967 1,453 428 240 143

1960 7,833 3,110 1,543 455 256 151
1961 8,117 3,184 1,599 474 271 158
1962 8,768 3,373 1,736 508 307 176
1963 9,050 3,489 1,813 511 308 182
1964 9,565 3,642 1,887 543 324 2%-

1970 11,700 4,400 2,300 700 430 270
1975 13,600 5,000 2,700 820 500 320
1980 15,500 5,600 3,000 920 570 360

Source: State of California, Department of Motor Vehicles Report,
*Number of Vehicles Registered,* December 31, 1940 through
December 31, 1964. Projections for 1970, 1975 and 1980 are
byPEMreau of Air Sanitation, based on Trend of Registrations

1955-1984.
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FUEL CONSUMPTION

Estimates of future fuel consumption, using various approaches, have
been reported in the literature. These range from the donsprvative
linear projections based on the trend 9f4hq past few yearsa) to
those based on the logarithmio.method.k2A3J The estimates to be
reported here are the result of compromises between the estimates
obtained by the two extremes and arp very close to the results
obtained by the exponential method.(44

Fuel consumption statistics are available only on a statewide basis.
Thus, it is necessary to use the percentage of countrto-state motor
vehicle registration as the method of apportioning the State total
Awl consumption to a county. Figure 1 illustrates the percent
increase since 1940 of the motor vehicle fuel consumption in the State
and in five areas in the State.

While the State population is growing rapidly, as shown in Figure 2,
it is not as fast as the growth of motor vehicle registration. The
rate of fuel consumption is even more rapid.

The data on motor vehicle fuel consumption for the State as a whole
are shown in Table III, In 1964, more than 19 million gallons of fuel
were consumed daily in the State. The 1970, 1975, and 1980 fuel con
gumption rates are projections based on the 1935.1964 trend.

Table IV shows the quantity of electrical power produced in the State
and how much is being utilised per capita. In 1940, 1380 NW-Hrfir, of
power per capita was produced. By 1961 this use tripled to 4140, and
it is expected to Nachman, than five-fold by 1980. Cmmpared to 1940,
per capita power production is expected to increase 33 percent faster
than population by*1980.

GROWTH TREND OF NO!

Table V shows amounts of motor vehicle emissions, of current date, and
amounts projected to the years 1970 and 1980. The projections are
based oaths State of California figures for fuel conmaaption trends
and for apportionment of county -to -state population. The figures pre-
sented are forwent starts and do not take into account possible mod-
ifications of engine and exhaust systems, the increased use of automa-
tic transmission, or possible changes in traffic patterns - any or
all of which may affect the amounts of 1102; emitted.

Table V also presents projections of emissions from stationary sources
based on trends in population growth. The figures do not take into
account possible changes in the current means for meeting population
demand for power.
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Table III

MOTOR VEHICLE FUEL CONSUMPTION
CALIFORNIA, 1940-1964
WITH PROJECTIONS FOR
1970, 1975 AND 1980

YEAR
THOUSANDS

OF GALLONS
PER YEAR

YEAR
THOUSANDS

OF GALLONS
PER YEAR

1940 1,758,330 1955 4,405,613
1941 1,978,547 1956 4,741,045
1942 1,719,162 1957 4,934,102
1943 1,434,560 1958 5,136,756
1944 1,467,906 1959 5,458,202

1945 1,810,425 1960 50691,0e8
1946 2,436,431 1961 5,935,774
1947 2,735,932 1962 6,252,766
1948 2,830,124 1963 6,634,403
1949 2,990,504 1964 7,076,252

1950 3,212,615 1970 9,000,000
1951 3,505,873 1975 11,200,000
1952 3,754,560 1980 13,5009000
1953 3,948,445
1954 4,032,352

1. Motor vehicle fuel consumption figures for 1940 -1963 are
taken from 1964 California Statistical Abstract.. The figure
for 1964 is reported by State Board of Equalisation.

2. Figures represent statewide sale for on-highway use for
motor vehicles including gasoline, L.P.G., and diesel fuel,
leas estimated gallonage upon which refunds of tax were made
because of nonhighway use.

3. Estimates of 1970, 1975, and 1980 fuel figures are Bureau of
Air Sanitation projections.
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Table IV

0-ITUAL PRODUCTION OF ELECTRICAL ENERGY
CALIFORNIA, 1940.1962

EAR
TOTAL

MILL=
OF KIL0.1121

HOURS

1940 9,789
1914 10,1438
19142 11,583
1943 114,776
1944 15,887

19145 15,944
1946 17,314
1947 19,1432
19148 20,287
1949 22,112

1950 24.836
3.953. 29,375
1952
1953

29
35,,252064

19514 37,762

1955 42,512
1956 146,679
1957 49,901
1958 50,782
1959 58,113

1960 63,834
1961 69,444
1962 73,554

KILOWATT HOURS
PER CAPITA

PROF
OF 1940

KILOWATT HOURS
PER CAPITA

13
1380914
11426
1693
1737

1687
1786
1953
1989
2108

100
103.
103
123
126

122
329
142
1.1414

153

2283. 165
2580 187
21464 179
2849 206
2959 2114

3199 232
3363 244
31451 250
3382 245
3731 270

3951 286
4140 300
14237 307

Sources California Statistical Abstract,
1964.

-28-



,0
11

11
11

,1
1,

11
,1

41
11

1;
11

11
1,

11
11

11
11

11
11

11
11

11
11

11
11

11
11

11
1,

fi
l1

11
11

01
11

10
,1

1,
11

11
11

11
1,

,,w
if

ir
,1

,1
q1

,1
1,

11
,1

,1
1'

1,
,1

T
a
b
l
e
 
V

E
S
T
I
M
A
T
E
D
 
E
M
I
S
S
I
O
N
S
 
O
F
 
O
X
I
D
E
S
 
O
F
 
N
I
T
R
O
G
E
N

F
O
R
 
S
E
L
E
C
T
E
D
 
C
A
L
I
F
O
R
N
I
A
 
R
E
G
I
O
N
S
 
I
N
 
1
9
6
4
,
 
W
I
T
H
 
P
R
O
J
E
C
T
I
O
N
S
 
T
O
 
1
9
7
0
 
A
N
D
 
1
9
8
0

(
T
o
n
s
 
p
e
r
 
d
a
y
)

L
O
S
 
A
N
G
E
L
E
S

S
A
N
 
F
R
A
N
C
I
S
C
O

B
A
Y
 
A
R
E
A

S
A
N
 
D
I
E
G
O

-
-
-

I

S
A
C
R
A
M
E
N
T
O

R
I
V
E
R
S
I
D
E

S
u
m
m
e
r

W
i
n
t
e
r

A
n
n
u
a
l
 
A
v
e
r
a
g
e

S
u
m
m
e
r

W
i
n
t
e
r

S
u
m
m
e
r

W
i
n
t
e
r

S
u
m
m
e
r

W
i
n
t
e
r

1
9
6
4

T
o
t
a
l

7
0
6

8
5
5

4
6
3

1
0
3

1
1
1

4
7

5
3

3
4

3
6

S
t
a
t
i
o
n
a
r
y
 
S
o
u
r
c
e
s

2
2
6

3
7
5

2
1
4

3
1

3
9

4
1
0

7
9

M
o
t
o
r
 
V
e
h
i
c
l
e
s

4
8
0

4
8
0

2
4
9

7
2

7
2

4
3

4
3

2
7

2
7

P
e
r
c
e
n
t
 
o
f
 
T
o
t
a
l

D
u
e
 
t
o
 
M
o
t
o
r
 
V
e
h
i
c
l
e
s

6
8

5
6

5
4

7
0

6
5

9
1

8
1

7
9

75
-
-
-
1

1
9
7
0
 
(
e
s
t
i
m
a
t
e
d
)
1

T
o
t
a
l

8
6
0

1,
02

0
5
7
0

1
4
0

1
5
0

<
7
0

7
0

<
5
0

5
0

S
t
a
t
i
o
n
a
r
y
 
S
o
u
r
c
e
s

2
6
0

4
2
0

2
5
0

I
s
o

5
0

<
1
0

1
0

<
3
.
0

1
0

M
o
t
o
r
 
V
e
h
i
c
l
e
s

6
0
0

6
0
0

3
2
0

1
0
0

1
0
0

6
0

6
0

4
0

4
0

P
e
r
c
e
n
t
 
o
f
 
T
o
t
a
l

D
u
e
 
t
o
 
M
o
t
o
r
 
V
e
h
i
c
l
e
s

7
0

5
9

5
6

7
1

6
7

>
8
6

8
6

>
8
0

8
0

1
9
8
0
 
(
e
s
t
i
m
a
t
e
d
)
1

T
o
t
a
l

1
,
1
8
0

1
,
3
8
0

8
0
0

1
9
0

2
0
0

<
1
0
0

1
1
0

7
0

8
0

S
t
a
t
i
o
n
a
r
y
 
S
o
u
r
c
e
s

3
1
0

5
1
0

3
3
0

5
0

6
0

<
1
0

2
0

1
0

2
0

M
o
t
o
r
 
V
e
h
i
c
l
e
s

8
7
0

8
7
0

4
7
0

1
1
4
0

1
4
0

9
0

9
0

6
0

6
0

P
e
r
c
e
n
t
 
o
f
 
T
o
t
a
l

D
u
e
 
t
o
 
M
o
t
o
r
 
V
e
h
i
c
l
e
s

7
4

6
3

5
9

7
1
4

7
0

>
9
0

8
2

8
6

7
5

1
T
o
 
t
h
e
 
n
e
a
r
e
s
t
 
1
0
 
t
o
n
s
.



Although the amount of vehicle use and industrial activity is not
significantly affected by seasonal changes, the need for power gener-
ation and space heating is so influenced. During the winter months
increased amounts of fuel are required and this influences the
amounts of NOx emitted to the atmosphere. The figures in Table V
reflect this.

In areas where electrical energy is not generated by thermal power
plants, there are fewer seasonal variations in NOz emissions. In
these communities the oxides of nitrogen due to motor vehicles is a
high proportion of the total. For example, approximatel 90% of the
NOx emissions in Sacramento are from motor vehicles contrasted to
60% in Los Angeles. Figure 3 illustrates the contribution of
vehicular and stationary source emissions in five California areas.
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Figure 3

ESTIMATED EMISSIONS OF OXIDES OF NITROGEN
1964

(Tons per day)

TONS PER DAY

700

600 -

500 -

400 -

300 0.

200

100

0

E:ISTATIONARY SOURCES

VEHICULAR SOURCES

LOS BAY SAN SACRA- RIVER=

ANGELES AREA DIEGO MENTO SIDE

($,r) ( wmma) Naomi (Samsr) (Si r)



REFERENCES

1. State of California, Department of Public Health. "Technical
Report of California Standards for Ambient Air Quality and
Motor Vehicle Exhaust". September 1960.

2. Todd, T. R. "Forecasts of Population, Motor Vehicle Registration,
Travel, and FUel Consumption". Public Roads, Vol. 30, No. 12,
February 1960.

3. "The California Freeway System". A report to the Joint Interim
Committee on Highway Problems of the California Legislature in

conformity with Senate Concurrent Resolution No. 26, 1957 Legis-
lature, California Division of Highways, September 1958.

4. Leighton, P. A. "Man and Air in California". Presented at State-
wide Conference on Man in California, 1980's, Sacramento, Califor-
nia, January 27, 1964.

-32-



Chapter It

OXIDES OF NITROGEN IN THE ATMOSPHERE

Air monitoring for nitrogen dioxide in California began in 1951 when the-
Los Angeles County Air Pollution Control District initiated a hand sam-
pling program. With the development of continuous measuring and record-
ing instruments, it became possible in 1956 to monitor nitric oxide (N10)
and nitrogen dioxide (NO2) at different locations, both simultaneously
and continuously. Since then, measurement of these two compounds with
continuous air monitoring instruments has been made at one time or
another at 37 locations in the state.

Currently there are 24 stations in operation, 21 measuring both oxides
of nitrogen (N0x) and nitrogen dioxide (NO2), and three others measuring
NO or NO

2
individually. Sixteen of the 24 stations comprise the State-

wide Cooperative Air Monitoring Network (SCAN) which samples other pol-
lutants besides oxides of nitrogen. The network is coordinated by the
California Department of Public Health which operates some of the sta-
tions and provides varying degrees of support and assistance to air pol-
lution control districts which operate the other stations. The locations

of the air monitoring stations are shown in Figure 1.

The air monitoring instruments used to measure oxides of nitrogen are
basically the same throughout California. Nitrogen dioxide in a metered
air stream is absorbed in a metered stream of reagent to produce a red
dye.(1) The intensity of the color is continuously measured with a pho-
tometer and recorded on a strip chart.(2)

As the photometer has a logarithmic response to concentration, the
method has a high sensitivity to low concentrations combined with a
relatively high range. Most monitoring instruments now in use haveca
range of 0-3 or 0-4 ppm oxides of nitrogen. At the low end of the
scale, the difference of concentration that can be detected is in the
order of 0.01 ppm; at the high end, it is 0.2 ppm.

Oxides of nitrogen (hOl) concentrations are usually determined with the
same instrument that measures nitrogen dioxide. To analyze the NOx
(NO + NO concentration in an air sample, it is first passed through a
converter where nitric oxide is oxidized to nitrogen dioxide which is
then analyzed with the system just described. Thus, by using a parallel
system of two columns, one for NO 1, one for the sum of NO + NO2, it is
possible to determine nitric oxidi concentration differentially.

The instruments used by the various air monitoring agencies are basi-
cally the same, although air reagent columns, NO converters, and elec-
trical hookups for differential quantitation of NO, NOx, and NO2 do
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Figure 1

LOCATION OF AIR MONITORINC STATIONS IN CALIFORNIA

0 Statewide Cooperative
Air Monitoring Network
(SCAN)

0 Non-SCAN

Not currently operating

Sacramento 14
2 Stockton 15
3 San Francisco 16
4 Berkeley 17
5 Oakland 18
6 San Jose 19
7 Fresno 20
8 Bakersfield 21
9 Santa Barbara 22
10 Ventura 23
11 La Habra 24
12 Burbank 25
13 lasadena

STATION IDENTIFICATION

Azusa
Hollywood Freeway
Wes: Los Angeles
Downtown Los Angeles
Vernon
Inglewood
Florence
Lennox
Downey
Torrance
Avalon Village
N. Long Beach

.34-

26 U.S.C. Medical Center
27 Anaheim
28 Santa Ana Airport
29 San Bernardino
30 Ontario
31 Rialto
32 Riverside
33 Mira Loma
34 U.C. at Riverside
35 Newport Beach
36 San Diego
37 Mission Beach



vary. Instrument operation, however, has not beer-t-tandardized; hence,

data obtained by different agencies differ in quantity and reliability.
Those agencies devoting the most efforts to the task usually produce
the most reliable and continuous data. With the State coordinating
the operation of many of the stations in recent years, some degree of
standardization has been achieved. As a result, the recent data col-
lected in the statewide air monitoring 14twork are more suitable for
comparing pollution in the various com.anities and, hence, they are
used in this report.

Maximum hourly averages of NOx of 0.25 ppm or higher occur often in
large California cities. During'the 1963-64 period, they occurred
more than 100 days per year in Los Angeles, Long Beach, Oakland, and
San Jose. The combined NO and NO2 was not measured in San Francisco.
Maximum hourly averages of 1.00 ppm or higher, however, occur 5 days
or 7-is per year in these same cities. Table I shows the number of
days per year having maximum concentrations greater than specified
concentrations of NOx and NO2. Maximum hourly averages of NO2, of
0.25 ppm or higher, occurred at a rate of\p,or more days per year in
three cities - Los Angeles, Long Beach, and-San Francisco.

Table I

OXIDES OF NITROGEN
AVERAGE NUMBER OF-DAYS PER YEAR HAVING MAXIMUM HOURLY

AVERAGE CONCENTRATIONS GREATER THAN
SPECIFIED CONCENTRATIONS

SCAN, 1963-64

OXIDES OF NITROGEN
(N0x), PPM

NITROGEN DIOXIDE
(NO2), PPM

Location 0-.24 ;25 % >1.00

Los Angeles 164 201 89 5
Long Beach 191 174 92 5
Oakland 252 113 32 3

San Diego 289 76 18 1
Riverside 296 69 14 3
Sacramento 298 67 19 1

Stockton 319 146 11 1

San Jose 237 128 26 -

San Francisco - - - -

Fresno 312 53 7 -
Azusa 341 35 3 -

Bakersfiel.1 324 141 - -

Anaheim 349 16 - -

Santa Barbara 355 12 - -

Ventura 361 4 - -

San Bernardino 364 1 - -
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The total nmiber of hours during 1963 and 1964 having maximum hourly
average concentrations in specified ranges are shown in Table II all

are the percentage of the readings. In Long Beach, for example, of
approxilately 14,000 hourly readings in 1963-1964, 3,179 maximum
hourly readings were higher than 0.25 ppm Which is equivalent to 22%
of the total hours.

Although they may be of short duration, the record high peak concen-
trations are indicative of the contamination levels that may be
reached at an air monitoring station under present emission levels
and at the most adverse conditions of weather. With more persistent
stable weather conditions, the duration of the peak concentration would
increase and so might 1,he peak concentration itself. The maximum oxides
of nitrogen and nitrogen dioxide that have been observed since contin-
uous air monitoring for these gases began are shown in Figure 2 and
Figure 3, respectively. These figures show that stations in Los Angeles
have measured the highest peak concentrations. The oxides of nitrogen
peak value in Los Angeles is an order of magnitude higher than in San
Bernardino, the locality with the lowest peak Tsalue.

=SEASONAL VARIATIONS OF NOx CONC1NTRATION3

The concentrations of nitric oxide, the predominant oxide of nitrogen
formed in high temperature combustion, are highest during the late fall
and winter months when strong ground based inversions oceur.

Nitric oxide is converted to nitrogen dioxide in the &biosphere. There-
fore, the concentration of nitrogen dioxide depends not only on emissions
of oxides of nitrogen and conditions of wind and inversion but also an
sunlight intensity and the presence of organic compounds in the atmosphere.

Thelseasonal variations for NOx and for NO2 in five selected cities are
shown in Figures 4 to S. At the time that the maxims hourly averages of
oxides of nitrogen were recorded in these cities, almost all of the
oxides of nitrogen were in the form of nitric oxide. The seasonal pat-
tern of nitric oxide, therefore, resembles that of oxides of nitrogen
with the highest concentrations occurring in the fall and winter months.

The highest nitrogen dioxide concentrations also are measured during the
winter months; however, high concentrations say also occur at other
seasons of the year.

The concentrations of oxides of nitrogen and nitrogen dioxide shown in
Figures 4 to 8 are the highest maximum hourly average that was measured
during each month. The same patterns of seasonal variations shown in
these figures are observed when the concentrations are expressed as:
(I) monthly peak - the highest peek concentration observed during a
month; (2) monthly average - the average of all hourly averages during
a month; and (3) the monthly average of =dim hourly averages for
each day of the month.
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Table II

OXIDES OF NITROGEN
NUMBER AND PERCENT OF HOURS HAVING AVERAGE
CONCENTRATIONS IN THE SPECIFIED RANGES

SCAN, 1963-1964

.

NUMBER
OF HOURS
MEASURED

NUMBPA

0.25-0.49
ppm

OF HOURS

0.50
ppm and Greater

PERCENT

0.25-0.49 0.50+

Los Angeles 13,970 1,957 601 14.0 4.3

Long Beach 14,126 2,278 901 16.1 6.4

Azusal 12,550 39 0.3

San Francisco 12,748 1,510 179 11.8 1.4

Oakland 9,139 - 733 184 8.0 2.0

San Jose2 5,042 644 93 12.8 1.8

San Diego 13,684-4 458 82 3.3 0.6

Sacramento 14,462 423 108 2.9 0.7

Stockton, 7,020 88 1 1.3 a

Fresno 13,303 147 10 1.1 0.1

Rakersrield4 3,958 144 MO 1.1

Santa BarbaraP 7,177 20 0.3

Ventura) 8,966 5 0.1

Orange , 9,409 72 0.8 -

San Bernardino6 9,868 3 a

1

2

3

5
6

a

In 1964 January-November.
In 1963 December only
In 1963 November and December only.
In 1963 April-December; in 1964 February, March ana April.
1964 data only.
In 1963 January-October.

Less than 0.1.

Source: Los Angeles County Air Polution Control District and
State of California Department of Public Health
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Figure 3

RECORD PEAK CONCENTRATION OF NITROGEN DIOXIDE (PPM)

STATION
DESIGNA- LOCATION
TION

17 *Los Angeles (downtown)

12 Burbank

16 West Los Angeles

22 Downey

20 Florence

18 Vernon

23 Torrance

15 Hollywood Freeway

32 *Riverside

36 *San Diego

19 Inglewood

25 *North Long Beach

26 U.S.C. Medical School

24 Avalon Village

13 Pasadena

4 Berkeley

21 Lennox

3 *San Francisco

14 *Azusa

5 *Oakland

34 U.C. at Riverside

6 *San Jose

30 Ontario

1 *Sacramento

29 *San Bernardino

2 *Stockton

27 *Anaheim

37 Mission Beach

11 La Habra

9 *Santa Barbara

8 *Bakersfield

7 *Fresno

31 Realto

28 Santa Ana Airport

33 Mira Loma

35 Newport Beach

* Members of SCAN
LAAPCD Stations are underlined

1.00 2.00
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DIURNAL VARIATIONS OF NOi CONCZETRATIONS

The diurnal variations of oxides of nitrogen and nitrogen dioxide are
illustrated in Figures 9 and 10 for three cities - LOS Angeles, Oak-
land, and Sacramento. Concentrations are azown in Figure 9 for the
month of February to represent the winter seasonal pattern and, in
Figure 10, for September to'represent fall.

The pattern for NOx during both seasons is bimodal as the concentra-
tions reach a peak during the morning hours and again curing the late
afternoon or evening hours. The morning peak begins to form at about
6:00 a.m., reaches a maximum at about 8 :00 a.m., and then declines
rapidly. The evening peak begins to form at about 5:00 p.m. and
reaches a peak at about 8:00 p.m., although at times the concentration
continues to rise during the evening hours.

The hours at which these peaks occur either coincide with, or take
place shortly after, the hours of peak traffic conditions. The con-
tinual rise of NOx during the evenings of some months maybe secribed
to meteorological factors and to increased stationary source missions
during cold evenings.

Concentrations of NO2 also reach a peak during the morning hours, follow-
ing the NO morning peak by about an hour. This indicates that NO2
is formed mainly from NO in the photochemical smog reaction during the
daylight hours.

RELATIONSHIP BETWEEN ATMOSPHERIC CONCENTRATIONS OF 501
AND OTHER POLLUTANTS

The air pollution photocheiical reaction requires the presence of both
oxides of nitrogen and hydrocarbons. Descriptions of this reaction,
and predictions of the effects of control of oxides of nitrogen and
hydrocarbons, are presented in a subsequent chapter. Necessary to the
prediction of effects is a knowledge of the atmospheric levels of these
ccntaminants.

Continuous air monitoring for hydrocarbons began in downtown Los Angeles
in 1962 by the Los Angeles County Air Pollution Control District.
Flame Ionization (FT) analysers are used. These instruments measure
the total hydrocarbon concentration in terms of carbon atom. However,
not all of the hydrocarbons measured by the FI instrument participate
in the photochemical reaction. As a class, the olefins are the most
reactive followed by the aromatics. Methane, ethane, propane, butanes,

pentanes, acetylene, and bensene are not believed to be important in the
reaction.

Analyses of specific atmospheric hydrocarbons have indicted that some
non-reactive hydrocarbons may be from natural sources.(3) Methane is
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the most abundant single hydrocarbon in the atmosphere and it may

amount to 50 to 90% of the unreactive hydrocarbons.(4)

Concentrations of the primary pollutants - nitric oxide, carbon mon-
oxide, and hydrocarbons - rise rapidly to a peak during the early

morning hours of most smog days. The difference between the minimum
and maxima values occurring during this period is an indication of
the air pollutants recently added to the :waosphere.

The differences in concentrations expressed as delta (I) are shown in
Table IV for the months of August, September, and October and in
Table V for the months of November, December, and January. The values
shown are the differences of the maxima and minimum 20 minute average
concentrations between the hours of 5:00 a.m. and 9:00 a.m. in downtown
Los Angeles. The days shown were selected on the basis of having a
large difference of carbon monoxide and of being smog days.

Korth et al reported the concentrations of oxides of nitrogen and
hydrocarbons which occurred on five days of severe eye irritation.k5)
These were based on the highest five minute average for each day.
Total hydrocarbon concentrations were corrected for background concentra-
tion which was the lowest value between midnight and the time of the
peak. As shown in Table III the average hydrocarbon concentration was
5.2 ppm C; NOx was 0.46 ppa; and the average ratio of hydrocarbons to
N0 was 11.1.

Table III

ATMOSPHERIC DATA

_,.

DATE
HYDROCARBON CONC.

(PPM CARION)
NO' CONC.

[PPM)
HC/NOx
RATIO

8/7/62
8/8/62
8/9/62

8/14/62
9/20/62
Average

3.2
8.0

3.0
5.0
7.0

5.2

0.32
0.59
0.32
0.45
0.62
0.46

10.0
13.5

9.4
11.1
11.3
11.1

Source: Prepared from information in Reference 5.

The average ratios in the atmosphere are close to the ratios as emitted
from motor vehicles shown in Tables IV and V. This signifies that motor
vehicles are a major source of these pollutants in downtown Los Angeles
during the morning hours.

On a daily basis the ratios, as well as the concentrations, vary widely.

The hydrocarbon to oxides of nitrogen ratios range from 6.7 to 22.2 in

the fall and from 7.8 to 25.0 during winter. The control of hydrocarbons

-47-



Table IV

RATIOS OF ATMOSPHERIC CONTAMINANT CONCENTRATIONS
LOS ANGELES STATION #1 - AUGUST, SEPTEMBER, OCTOBER

1962, 1963, 1984

(0500-0900) PST

DIFFERENTIAL PPM RATIOS
Date elco 4.trox es8c* esco

Sp;
esic
en5;

.a,c0

4517

Monday 8- 6-62 9.0 .29 3.5 31 12.1 2.6
Tuesday 8- 7-62 10.0 .13 2.5 77 19.2 4.0Wednesday 8- 1.62 15.5 32 5.5 48 17.2 2.8Friday 8-24-62 12.0 .33 3.0 36 9.1 4.0Wednesday 9-19-62 14.5 .45 3.5 32 7.8 4.1
Thursday 9-20-62 13.5 .50 4.0 27 8.0 3.4Friday 9-21-62 13.0 .46 4.0 28 8.7 3.3Monday 10- 8-62 14.6 .23 4.0 61 17.4 3.5Monday 10-29-62 20.0 .38 7.0 53 18.4 2.9

Tuesday 9-10-63 12.0 .27 2.5 9.3 4.8
Monday 10- 7-63 22.0 .64 8.5 34 13.3 2.6Tuesday 10- 8-63 22.0 .37 8.0 59 21.6 2.8
Wednesday 10- 9-63 10.5 .27 3.5 39 13.0 3.0Friday 10-11-63 11.0 .33 3.0 33 9.1 3.7Monday 10,14-63 9.5 .38 4.5 25 11.8 2.1Friday 10-18-6"; 9.0 .27 3.5 33 13.0 2.6
Tuesday 10-29-63 15.0 .45 5.5 33 12.2 2.7

Thursday 9- 3-64 21.5 .40 5.5 54 13.8 3.9
Thursday 9-10-64 13.5 .29 3.0 47 10.3 4.5Thursday 9-24-64 21.0 .27 6.0 78 22.2 3.5Wednesday 9-30-64 15.5 .2Y 4.0 53 13.8 3.9Friday 10- 2-64 19.0 .52 3.5 37 6.7 5.4Wednesday 10- 7-64 15.0 .36 555. 42 15.3 2.7

Average 14.7 .36 4.5 43.5 13.2 3.4

Average
Concentration
in Exhaust

35,000 1,000 10,000 35 10 3.5

* AA ppm Carbon
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Table V

RATIOS OF ATMOSPHERIC CONTAMINANT CONCENTRATIONS
LOS ANGELES STATION #1 - NOVEMBER, DECEMBER, JANUARY

1962, 1963, 1964

(0500-0900) PST

DIFFERENTIAL PPMT RATIOS

Date .n.co 4NN0x 4e1HC*
1e0

47a;
.n,HC ieNCO

.670

Thursday 11- 8-62 23.0 .55 7.0 42 12.7 3.3
Tuesday 11-20-62 21.0 .77 6.0 27 7.8 3.5
Monday 11-26-62 17.0 .24 6.0 71 25.0 2.8
Friday 11-30-62 20.0 .15 5.0 133 33.3 4.0
Monday 12- 3-62 19.0 .40 7.0 48 17.5 2.7
Wednesday 12- 5-62 26.0 .64 6.0 41 9.4 4.3
Thursday 12- 6-62 21.0 .50 5.5 42 11.0 3.8
Friday 12-21-62 21.0 .49 5.0 43 10,2 4.2

Tuesday 1-22-63 18.5 .41 3.5 45 8.5 5.3
Wednesday 1-23-63 16.5 .37 4.0 45 10.8 4.1
Monday 11-18-63 17.0 - 5.5 - - 3.1
Friday 12-13-63 20.0 .67 7.0 30 10.4 2.9
Thursday 12-26-63 13.5 .31 5.0 44 16.1 2.7
Friday 12-27-63 19.0 .50 7.c 38 15.0 2.5

Friday 1- 3-64 26.5 .92 10.5 29 11.4 2.5
Monday 1- 6-64 16.0 .65 -5.5 25 8.5 2.9
Monday 1-13-64 16.0 .65 - 25 - -
Wednesday 1-15-64 15.5 .50 10.0 31 20.0 1.6
Thursday 1-16-64 19.0 .54 7.0 35 13.0 2.7
Tuesday 1-28-64 27.0 .92 - 29 -- ---
Average 19.6 .54 6.3 43.3 14.2 3.3

Average
Concentration
in Exhaust

35,000 1,000 10,000 35 10 3.5

* As ppm Carbon
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will lower the average ratio. But, on some days, the ratio may still
be within these ranges although high ratios should occur less fre-
quently.

Hydrocarbon concentrations are often measured and expressed on a molar
(ppm HC) rather than on a carbon atom (ppm C) basf.s. Based on exhaust
gas analysis, the average carbon number of exhaust hydrocarbon has
been estimated approximately as 4.(6)(7) The aye rage carbon number of
crankcase and evaporative emissions are higher.k8)(9)l10) Assuming
that the average carbon number of all motor vehicle emissions is 5 or
6, the average concentrations shown in Tables III, IV, and V, in terms
of parts per million carbon atoms, are equivalent to approximately
1 ppm of hydrocarbon. The average NOx concentration is about 0.5 14414
The ratio of hydrocarbon on a molar basis to NOx is, therefore, approxi-
mately 2:1.

Methane, ethane, propanes, butanes, pentanes, acetylene, and benzene
constitute approximately 40 to 50% of the motor vehicle hydrocarbon emis-
sions on a parts per million hydrocarbon basis.(6)(7)(8)(9)(10) If
the remaining hydrocarbons (essentially the higher than five carbon atom
paraffins, the olefins, and the other aromatics) are considered as
"reactive" hydrocarbons, the ratio becomes about one part per million
of reactive hydrocarbon per one part per million of oxides of nitrogen.
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Chapter 21

COLOR EFFECTS OF NITROGEN DIOXIDE

IN THE ATMOSPHERE

Nitrogen dioxide (NO2) absorbs light over the entire visible spectrum.
The absorption coefficients o NO2 have been measured by Dixon l) in
1940 and by Hall and Blacet(2) in 1952. At all wavelengths within the
visible spectrum, the absorption of light by NO2 obeys Beer's law as
represented by the equation:

It . ion -0; cs
(eq. 1)

Where It is transmitted light intensity

10 m original intensity

. extinction coefficient (2.3 x absorption coefficient)
for a given wavelength

C concentration of NO2

S traversed path length

The extinction coefficients of NO2 in terms of PPM71 milea and pm-1
Km-1 for light of different wavelengths are shown in Table I.

Table I

EXTINCTION COEFFICIENT OF NO2

WAVELENGTH A 4,, (pm-1 mu- er,z, (mn4 Kel)

11000 2.60 1.64
4500 2.07 1.33.
5000 1.05 0.66
5500 0.47 0.30
6000 0.18 0.12
6500 0.062 0.039
7000 0.026 0.016

Source: Computed from the Summary in "Photochemistry
of Air PollutionosPhilip A. Leighton,
Academic Press, 1961.

For an atmosphere containing NO2 but free of aerosols, the extinction
coefficient shown in Table I can be used directly to calculate the
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transmitted light intensity. (Light is attenuated by molecular scat-
tering, but this effect is very small compared to the light absorbed
by NO2 and can be ignored.)

Consider the case of an observer viewing a white object at a distance
S miles through a nitrogen dioxide concentration C. At any given wave-
length, the transmittance (fraction of the light transmitted, It/10)
depends on the product of the concentration and the path length since

is constant. Fon...example, the transmittance would be the same at
C 1 ppm and S 10 miles as it would be at C 10 ppm and S 1 mile.

The transmittance for several products of concentration and path length
(CS) are summarized in Table II.

It can be seen from Table II and Figure 1 that the color from an equal-
energy white object (i.e., one which radiates equal energy of all wave-
lengths) would be modified to contain proportionately more of the longer
wavelength colors. At a CS of 0.1 ppm-mile, the modification is slight,
and may not be apparent to the observer. This would be the case when
the observer looks vertically at the blue sky through a thin, polluted
layer. At 10 ppm-miles the transmittance of red (6500°A) is about 0.5,
while it is almost zero for violet-green. Under this condition a dis-
tant white object or the horizon sky would appear reddish- brown. In
between these extremes of concentration-distance combinations the white

object would appear colored in shades ranging from pale yellow to reddish-
brown.

Table II

TRANSMITTANCE (t) OF VISIBLE LIGHT BY NITROGEN DIOXIIE

IN AIR AT DIFFIERM (CS) VALUES

WAVELENGTH,°A COD3R__ 0.1 PPM-MILE 1 PPM-MILE 3 PPM-MILES 10 PPMMILES_

4000 Violet 0.77 0.074 0.0004 5x10`12
4500 Blue 0.82 0.126 0.002 1x10-9
5000 Green 0.89 0.35 0.043 3x10-5
5500 Yellow 0.96 0.63 0.24 0.010
6000 Orange-red 0.98 0.84 0.58 0.17
6500 Red 0.99 0.94 0.83 0.54
7000 Red 0.99+ 0.98 0.93 0.77

Source: Reference (3). Values for 0.1 ppm NO2 and 1 mile path
length are computed, using the extinction coefficients
in Table I.

In an atmosphere containing NO2 and aerosols the situation is more com-
plicated. The translated light from an object would be further
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attenuated due to light scattering by the aerosols. The total atten-

uation coefficient becomes SC #t where 4; is the scatteringwefficient
of the aerosols. The transmitted luminance, Bt, of an object becomes

6,4 =Bo e?
tz-,c (eq. 2)

where 40 mm the original luminance of the object. Augmenting Bt is that
part of the scattered air-light which is in the direction of the

observer. This scatterea luminance is:

(eq. 3)

=. A (e-161.) 1"/ _ e - eg4-c tc s

where A is the volume scattering factor and is independent of wavelength.
The apparent luminance of any object to the observer at any distance is
the sum of Bt Bs. Since a;varies with wavelength, Bt and Bs will
also vary with wavelength.

The fractional reduction in transmitted luminance due to absorption by
NO2 alone is the same whether aerosols are present or not. This is

shown as follows:

In the absence of NO2, (C a 0)

(eq. 4)

45fago) doe- CrS

The transmitted luminance with NO2 present, relative to that with NO2
absent, is therefore:

(eq. 5)
et e_r4-c#aps

e -gcs
gircao e

which is the transmittance through NO2 (equation 1). This ratio
approaches zero as S approaches infinity.

In the absence of NO2, the scattered luminance becomes

(eq. 6)

45(c=0)== A r/- e -495-5)
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The scattered luminance at a given aerosol concentration (fora given
47;) with the presence of NO2, relative to that in the absence of NO2,
is then:

8.1-
_ )

s
( . 7)

Bsees.0)
)r

(6,7C 67/1- / - e -ass J
The limit of this ratio as S approaches infinity is

C

Consider now the case of an observer viewing the horizon sky, and
assume that the distance S approaches infinity. Under this condition
the transmitted luminance becomes zero and the sky luminance is entirely
due to light scattering. When the transmitted luminance of a distant
object is negligible tampered to its scattered luminance, the appearance
of the object would be similarly affected as the horizon sky. In such
cases, the spectral energy that the eye receives is proportional to

et,4ri . When C is 0, the ratio is unity. With increasing NO2 con-
cea-Ations, the ratio and consequently the spectral energy received
by the eye decreases. A short wavelength light which has a high O

_will be. attenuated more than light of longer wavelengths. If Q becomes
larger, as in the-case of high aerosol concentration, the ratio will
become closer to unity and the effect of the 102 absorption of light
will become-abseerfid.

Dr. J. Raisond Hodkinson,(4) consultant to the U.S. Public Health
Service, calculated the effect of NO2 and of aerosols on the horizon
sky and distant white surfaces at selected concentrations. He estimated
that with unit density and i micron diameter aerosols at concentrations
of 4800, 1200, and 300 particles per cubic centimeter, the aerosol
scattering coefficient 4i was 2, 0.5,And0.125 1Gm71, respectively.
Table III and Figure 2, showing different values of at at different
concentrations of NO2 and aerosols are based on Rai approach.
A 4value of 0.06 -sale-,1 would correspond to an atmosphere containing
almost no aerosols.

Dr. Philip A. Leighton(5) has also calculated the optical effects of
102 in an atmosphere containing aerosols. He illustrated, aka specific
example, an observer viewing green tress, which reflect light in the
region of 5000.55000A, at a distance of three miles, mein a scattering
coefficient of .75 Under these conditions, in the absence of
NO2, the transmittance, It _.4.75)(1) The extinction coeffi-

0.1.
to

cient of nitrogen dioxide at green wavelength is approximately 0.75 PPIrlilerl (see ?able I). At a concentration of 1 pinta NO2 and in the

-57-



Table III

ATTENUATION IN SPECTRAL LUMINANCE OF
HORIZON SKY AT DIFFERENT'NO2-

AEROSOL CONCENTRATIONS

75efscrs

ATTENUATION COEFFICIENT Cr 3 2 MILE"' Cr 0 8 MILEI.1a g- 0s 0.4 MILE71

Wavelength °A 0.2 ppm 1 ppm 2 ppm 0.2 ppm 0.5 ppm 1 ppm 2 ppm

4000 0.86 0.55 0.38 0.60 0.24 0.13 0.071
4500 0.88 0.60 0.43 0.66 0.28 0.16 0.088
5000 0.94 0.75 0.60 0.79 0.43 0.28 0.16
5500 0.97 0.87 0.77 0.89 0.63 0.46 6.30
6000 0.99 0.04 0.89 0.95 0.82 0.69 0.53
6500 0.996 0.98 0.96 008 0.93 0.87 0.76
7000 0.998 0.99 0.98 0.99 0.97 0.94 0.88

presence of aerosols the transmittance becomes

It 4? 475 4. 75)(3)

1-4;

a 0.01

Thus, the addition of 1 ppm of NO2 causes a tenfold reductimn in the
transmittance of the green light. To maintain the same transmittance
when 1 ppm of NO2 is present, the path length must be reduced from 3
to 1.5 miles.

Leighton has also shown that the apparent green object brightness -
that is, the ratio of the transmitted light intensity to the forward
scattered light intensity - would be diminished by a factor of 5.6 if
1 ppa of NO2 is added to the atmosphlre where the aerosol attenuation
coefficient is 0.75 milaq. To maintain the same apparent brightness
the path length must be reduced from 3 to 1.2 miles.

Similarly, he calculated that, to maintain the same contrast, the path
length must be reduced from 3 to 1.9 miles.

Per a case of trees with a tenfold difference in brightness, he esti-
mated that the apparent brightness ratio would be 1.72 when viewed
throuf,h three miles of atmosphere containing aerosols having di .75
mileri. The addition of 1 ppa of NO2 would reduce the brightness
ratio to 1.14. In this case with the addition of NO2, the same
apparent brightness cannot be attained at any path length.
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DISCUSSION

Nitrogen dioxide is highly colored. In the atmosphere it will reduce
the brightness and the contrast of distant objects as well as to cause
the horizon sky and white objects to have a color ranging from pale
yellow to reddish-brown. These colors have been described as similar
to colors of whiskey, tea or cola depending on the NO2 concentration,
viewing distance, and aerosol concentration. The effect of aerosols
is to mask the coloration effect of NO2, and to reduce visibility,
contrast, and brightness of distant objects.

It cannot be stated at this time the definite aerosol and NO2 concen-
trations at which the coloration effect of NO2 would be readily notice-
able and objectionable to most people. Under conditions where the
transmitted luminance of an object'is negligible compared to its scat-
tered luminance, attenuation by NO2 and aerosol is approximately pro-
portional to the ratio * From Figure 2, it can be seen that0:41 0;+
when 0.2 ppm NO2 is present on days of poor visibility (i.e., aerosol
scattering coefficient, of 3.2 mile-) the color of horizon sky and
distant white objects is modified only slightly. At 2 ppm NO2 on days
of good visibility, say a visual range of approximately 10 miles, (cor-
responding to aerosol concentration 600 particles/cc,t7 0 0.4 mile-1)
the horizon sky and distant white objects would appear brownish. The
level where the coloration effect is first noticeable is between these
two curves, perhaps at 0.5 ppm NO2 on days of 10 miles visibility:*
This effect is represented in Figure 2 by the curve for 47= 0.4 mile 1,
0.5 PPE 1024,

If, however, aerosol concentrations were minimised through control of
hydrocarbons, other organic compounds or particulate matter, the colora-
tion effect of 0.5 ppm NO2 on objects 10 miles distant would be more
pronounced. To prevent the increase of coloration effect caused by a
reduction of aerosol, a corresponding decrease in NO2 concentration
would be required. This can be illustrated as follows: When the scat-
tered luminance predominates, the attenuation of a given wavelength is
represented by rm5-74. The ratio will remain constant if both6rs and
C are reduced by the same factor. If the aerosol concentration is
halved, the NO2 concentration will also have to be halved.

07
In the absence of aerosol, the ratio areTar equals zero, scattered
luminance equals zero, and the coloration affect is one of attenuation
by NO2 absorption alone. In this case towable concentration for
NO2 would be very low. Figure 1 shows that at 0.3 ppa NO2 for a Wail°
viewing distance (GS 3 Ppm) very little blue and green would come
through. The effect of 0.01 ppa *02 on distant objects being viewed
through a distance of 10 miles, on the other hand, is very slight and
would not be apparent to an observer. The acceptable ambient NO2

"Visibility" Is defined as the maximum distance at which a reference object can
be seen. ^Viewing distance" is simply the distance between the viewer and the
object.
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concentration in the absence of aerosol with respect to coloration
effect must therefore lie between 0.01 and 0.3 ppm for a path length
of ten miles.

Assuming that the effect on the horizon sky due to 0.5 PPR of NO2,
under conditions where the visual range is 10 miles, is the criterion
for an ambient air quality standard, the concentration of NO2 which
yields the same effect in the absence of aerosols can be evaluated.
The combined effect of NO2 and aerosols on each wavelength is repre-
sented by the expression for that wavelength. As suggested
by Dr. Leighton, by setting the transmitted luminance in the absence
of aerosols equal to this expression, the corresponding (C)(S) can bz
calculated. This would be the combination of NO2 concentration and
viewing distance which woult-produce the accepted effects in an aerosol-
free environment. For example, at 50000A (green), the value of -4,Por
is 0.43 under the aLedfied criterion. In the absence of aerosol,
Bt/Bt (C 0) -e the corresponding CS value is 0.8 ppm - mile.

os
Theme values and the corresponding CS values for other wave..
lengths are tabulated in Table IV. They range from 0.55 for 40000A to
1.50 for 70000A with an average of 1.0 ppa - mile. For a viewing dis-
tance of 10 miles, the ambient air concentration of NO2 would have to
be maintained at 0.1 ppm or less to meet the criterion.

Table IV

ARBITRARY ACCEPTABLE LIMIT* AND CS PRODUCT
-WHICH YIELDS THIS LIMIT THROUGH NO2 ABSORPTION

A° ers , FROM I CS**
a-c4-0; %TABLE III,

4000 0.24 0.55
4500 0.28 0.62
5000 0.43 0.80
5500 0.63 1.00
15000 0.82 1.10
6500 0.93 1.30
7000 0.97 1.50

* The acceptable limit for a given wavelength is arbi-
trarily selected u the effect on that wavelength by
scattering, with S gi 10 miles,C 0.5 ppm NO2, erg = 0.4
mile-1

** Calculated by equating -ARL-- to d? "si`s
gc#0.1
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SUMMARY

The coloration effect of NO2 in the atmosphere depends on NO2 concen-
tration, viewing distance, and aerosol concentration. The effect of
0.5 ppm NO2, with a viewing distance of 10 miles, is postulated to be
acceptable on days of 10 mile visibility. In an aerosol-free atmos-
phere, with the same viewing distance of 10 miles, the acceptable NO2
concentration is about 0.1 ppm. In reality, an aerosol-free atmosphere
does not occur in metropolitan areas, and a visibility of 20 miles
could represent a reasonable goal for atmospheric clarity. On such
dayss_the acceptable si02 concentration would be about 0.25 ppm.
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Chapter Vii

PHYTOTOX(CITY OF NITROGEN DIOXIDE

Nitrogen dioxide is a phytotoxic substance. It can_cause vegetation
damage which is distinct from the damage caused by photochemical air
pollution in general. There are few studies of the phytotoxic effects

of nitrogen oxides. What is available has been reviewed by Dr. 0. C.
Taylor, Associate Horticulturist,-Air Pollution Research Center* at
Riverside, California. The following is a summary of his review.

"The phytotoxic effects of nitrogen oxides, aside from their role as

a precursor of oxidizing air pollutants, have not been studied exten-
sively.. This lack of,isterest in nitrogen oxides as phytotoxioants
has resulted from reliable reports of plant damage only frau, concen-
tration, yell above those measured in the atmosphere. According to

Thomas,1/41) the levels of nitrogen oxide in the atmosphere willl,probably

always be-too low to cause plant damage. Benedict and Breenk2) found
that the most sensitive weed species used in their experiments required

20 ppm NC`, to cause damage. Pinto Of; Zeaves requires only 3 ppm_NO2
for 4 to § hours to develop damage.l3A4) This damage was reported
to resemble that caused by exposure to sulfur dioxide.

"Bush et al(5) have reported an 'atypical' smog damage which was
thought to be caused by low concentrations of nitrogen dioxide. This
chlorosis of the lower leaves of Wicotiana autinosa, is different from
the tipical 'smog' or 'oxidant' type of plant damage. They suggest
that long exposure to concentrations in the vicinity of parts per ten
million of air may be causing this damage.

WA manuscript presently being prepfrtd for presentation for publication
in-ths Journal of Plant Physiologyt6) describes experiments with bean
and tomato plants exposed to nitrogen dioxide at concentrations below
0.5 ppm. In these experiments young tomato and bean seedlings maw-
exposed-continuously to 0.5_ppa or less of NO2 for 12 to 19 days. In
each instance, significant growth reduction, expressed as fresh and dry
weight, occurred with no visible lesions of damage. Leaves of tomato
exposed to the NO2 tended to curve or cup downward and a noticeably

_darker green appearanorwas noted.

"Exposure of bean, tomato, and plicotiana, plutinosa, plants to 2.5 ppm

ight-ftr 7HWursArriantiT'isused collapsed white lesions on the leaves
resembling damage by 802 as described by Middleton it al.(4) The

*University of California
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lesions did not occur at concentrations less tnan 2.5 ppm even though
the fumigutions were extended to as long as three days.

"From the limited amount of information available it would appear that
acute symptoms of damage to sensitive plants occur only with concen-
trations of NO, above 2 to 2.5 ppm. There is also sufficient evidence
to suggest concentrations of NO2 well below 1 ppm may cause zignif-
icant growth suppression, chlorosis, and perhaps premature abscission,
of leaves."
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Chapter El

PHOTOCHEMICAL EFFECTS OF NITROGEN OXIDES

Nitrogen oxides comprise one of the two groups of chemical compounds
which are the raw materials for the production of photochemical smog.
The other group consists of organic compounds. Hydrocarbons are
believed to be the most important organic compounds in the Los Angeles
atmosphere because of the reactivity of many of this class of compounds.

There is general agreement that photochemical smog would be eliminated
if either the nitrogen oxides or organic compounds were completely con-

trolled.

Control of hydrocarbon emissions to the atmosphere was started in the
early 1950's shortly after the original discovery of the photochemical
nature of Los Angeles smog by Dr. A. J. Haagen -&nit and his co-workers.
In compliance with regulations of the Los Angeles County Air Pollution
Control District, the petroleum refining industry was required to limit
discharges from manufacturing operations and, by 1955, had reduced hydro-
carbon losses by hundreds of tons per day.

A few years later the District adopted a rule to augment hydrocarbon
control through regulation of the olefin content of gasoline. This
action was directed at selectively reducing the emission of a highly
reactive class of hydrocarbons from operations involving the production,
distribution, and consumption of gasoline*

The first motor vehicle emission standards established in 1959 and 1960
by the California Department of Public Health required a large reduc-
tion in hydrocarbon emissions from motor vehicle exhausts and crankcase
vents. Actual control of crankcase hydrocarbon emissions began in 1960,
and, in late 1965, exhaust hydrocarbon control will begin on new cars
sold in California.

During the period from the early 1950's to 1959, the emphasis on control
of motor vehicle emissions was placed on hydrocarbons rather than both
hydrocarbons and nitrogen oxides. This attitude reflected the stage of
knowledge of the smog reaction. It also reflected the greater progress
which had been made in developing control devices fOr exhaust hydrocar-
bon from motor vehicles.

The Department did not include oxides of nitrogen in its motor vehicle
emission standards in 1959. It,concluded from the data then available
that a large reduction in hydrocarbons would produce a marked improve-
ment in smog effects and that there was insrffplent evidence to-sup-
Port a standard for nitrogen oxides emissions. a) At the present time
no regulations specifically requiring nitrogen wide, control are in
effect for either stationary or Moving sources in the atilt* of California.-



Recently, intensified attention has been directed to the possible
need for the control of oxides of nitrogen. The difficulty and
expense of applying hydrocarbon controls to used vehicles has
increased interest in the possibility of reducing photochemical smog
by also requiring control of nitrogen oxides. Some individuals have
expressed concern that, with the control of hydrocarbons alone, nitro-
gen dioxide atmospheric concentrations will increase because of incom-
plete reaction. The attendant color and toxic effects would then
become a matter of greater concern.

Experimental studies of the photocheiical iiog system have shown that
the change in many smog effects which would result from an increase
or decrease in nitrogen oxides concentration is dependent upon the
hydrocarbon concentration. The converse is also true, although the
change is not so prominent. For example, at any given hydrocarbon
level, the peak ozone concentration can be reduced by either a large
decrease in nitrogen oxides or by a large increase. This samolAt
paradoxical situation underlies the difficulty in predicting the
-result of varying degrees of nitrogen oxides control on the photochem-
ical smog effects. These effects bear no simple relationship to the
concentrations of the primary reactants, but are complex functions
of both the concentration and ratio of the reactants.

An example of this is shown in Figure 1. In this figure the maximum
concentration of ozone developed in an experimental irradiation system is
plotted against the initial concentration of nitric oxide. The propylene
concentration is held constant for this series of experiments. It can
be seen that, at first, the ozone increases directly with increasing
oxides of nitrogen. At about 1.2 ppm of nitrogen oxides, the maximum
amount of ozone is generated and farther increases in nitrogen oxides
result in progressive decreases in the maximum ozone concentration.
While this curve is for a hydrocarbon concentration slightly higher
than found in the atmospheres'it demonstrates that the photochemical
smog system can provide exceptions to the "common sense" concept that
the effects of air pollution are always decreased by the reduction in
emissions of air pollutants involved.

The technical problems of developing ant implementing control measures
for either hydrocarbons or nitrogen oxides on upwards of ten million
motor vehicles in California preclude any rapid or inexpensive solution.
If controls are applied only to new cars, over a decade will be required
to displace most of the uncontrolled vehicles and thereby realise the
benefits of the control measures on the ambient air quality. This
makes it necessary to consider not only the result of the final control
levels on smog, but also the result of various intermediate degrees
of control of both nitrogen oxides and hydrocarbons.

In the following pages it is assumed that control of hydrocarbon emis-
sions from motor vehiclarldil:be accomplished over a period of years.
The result of supplemental control of nitrogen oxides on each of the
following smog effects is postulated:
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1. Ozone formation in the atmosphere.

2. Lye irritation, including the formation of presently ident-
ified eye irritants (formaldehyde and peroxyacetyl nitrate).

3. Visibility reduction.

4. Vegetation damage.

5. Nitrogen dioxide formation in the atmosphere.

DISCUSSION OF PHOTOCHEMICAL REACTIONS

Photochemical air pollution is caused by the atmospheric reaction of
organic substances and nitrogen dioxide under the influence of sun-
light. A major role of nitrogen dioxide is to absorb the energy from
sunlight that is required for the reaction to proceed.

In the absence of organic matter, the nitrogen dioxide provides a photo -
--chemical mechanism to convert solar energy to heat energy with little
smog-terming consequence, the important reactions being:

4 NO2 * ultraviolet light NO .0 0

2. 0 pg .0 collision body 03 collision body 24 kcal

3. 03 NO _02 10,2 48 kcal.

The presence of reactive organic compounds greatly alters the balance
of the above reaction, while introducing many new reactions. Under
these-conditions nitric oxide, the principal state in which nitrogen
oxides are discharged into the atmosphere, is converted to nitrogen
dioxide and complex reactions take place tetween oxygen atoms, ozone,
organic compounds, and nitrogen dioxide. Ozone and other products
accumulate in the system and the typical photochemical smog effects are
produced.

During a typical smog day the unreacted pollutants, hydrocarbons, and
aides of nitrogen, are usually at a maxim' by 6:00 a.m. because of
peak emissions from motor vehicles and because of meteorological condi-
tions that restrict dilution. With increased sunlight intensity, the
reaction begins. Hydrocarbons are conausedand nitric oxide disappears
with attendant and parallel appearance of-nitrogen dioxid44 -The nitro-
gen dioxide reaches a narimun and then decreases with the concurrent
development of ozone. It is noteworthy that nitric oxide and ozone
co-exist only at very-low concentrations in the atmosphere. The devel-
opment of ozone, therefore, attests to the nearly complete conversion
of nitric oxide to nitrogen dioxide. Figure 2 shows these typical
events. The oxidant trace shown is largely an index of ozone concen-
tration.
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Some of the products formed during the course of the reaction have
been identified. One important product, ozone, has already been men-
tioned. Others include pemvacyl nitrates, formaldehyde, acrolein,
and other oxygenated compounds. 'Well known effects of the photochem-
ical reactions include irritation to the eyes and respiratory system,
reduced visibility, and damage to vegetation.

INTFRPRETATION OF LABORATORY FINDINGS

Most of the information on the photochemical nog reactions has been
obtained from laboratory experiments. Such experiments were conducted
with various controlled concentrations and ratios of hydrocarbons and
nitric* oxide to simulate the effect or-different degrees of oontrol
of either reactant. The State Department of Public Health studies
have made use of iwo 1000 cu. ft. irradiation chambers. In these
large chambers, as well as in those of other agencies, reactions have
occurred and effects have been produced which closely parallel the out-
door smoggy atmosphere. Nevertheless, a direct extrapolation of the
test chamber data to the effects found in the atmosphere presents many
difficulties.

One of the effects most difficult to extrapolate from irradiation cham-
bers to the atmosphere is eye irritation. In the absence of definitive
cause and effect-relationships between the reaction products and the
eye irritation effects, subjective responses of human subjects are
utilized for laboratory evaluations. The different exposure situations,
reaction conditions, and psychological influences require thatsomfahat
higher contaminant levels be employed in the chamber to produce meas-
urable effects than appear to be necessary in the atmosphere. Another
difficulty resides in the selection of test panels which are representa-
tive of the general population. There may be some uncertainty in extrap-
olating effects frontons concentration level to another for a wets
which is complicated by many competing reactions.

Problems also pertain to extrapolation of visibility findings. The
visibility reduction cannot be observed in the laboratory under condi-
tions simulating the ambient atmosphere and the effect must be assessed
by physical or optical measurements of the contributi aerosols. The
aerosols exist in different sizes, and interpretation involves correla-
tions between reduced visibility :nd aerosol sire and number. Labora-
tory studies on reduced visibility are also-complicated by the role of
an important third variable sulfur dioxide. The role of sulfur dioxide
has not been clearly established, but some experiments have shown this
compound to be a factor in aerosol production.

Other difficulties arise in relating laboratory experinenteto the atmos-
phere because the atmosphere is a changing system influenced by emissions
from many sources changing sunlight intensity, and variable tempera-
tures. Wind and inversion conditions Cause changes in the concentra-
tions of pollutants from day to day and _even from hour to hour. Many
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of the laboratory studies were performed under static conditions where

predetermined concentrations of reactants are irradiated at constant
light intensity. Once the experiment starts, reactants are neither
added nor removed from the system. Dynamic laboratory experiments
also have limitations. Here.the reactants are carried in an air
stream which displaces the chamber contents at a fixed rate. Natural
conditions are somewhat different from those prevailing in either the
static or dynamic studies.

An important factor in interpretation of all chamber studies is the
difficulty in eliminating inadvertent contamination of the chamber air
so that the measured effects are due solely to the reactant charges.
This is particularly difficult at realistically low reactant concentra-
tions, where effects developed during blank runs may be as pronounced
as those developed during tests with added reactants.

LABORATORY STUDIES

The first laboratory studies which led to the present understanding of
photochemical smog were performed by A. J. Haagen-Smit(2) in association
with the Los Angeles County Air Pollution Control District. His early
findings have been confirmed and extended through further studies by
a number of other investigators representing the laboratories of Stanford
Research Institute, Franklin Institute, General Motors Corporation,
U.S. Public Health Service, -Los-Angeles County Air Pollution Control
District, U.S. Bureau of Hines, University of California, and California
Department of Public Health. The various studies have not always been
strictly comparable either in facilities and experimental design used
to simulate the atmospheric photocheical reaction or in the procedures
used to cnaracterize the smog produced. Hence, these studies have pro-
duced results that agree in many areas but disagree in others. Con-
clusions drawn from these investigations concerning control of photo-
chemical air pollution, therefore, are not always identical. As a
result, scientists have made different interpretations of the experi-
mental data relating to the need for nitrogen oxides control. The
extremes of opinion range from the assertion that nitrogen oxides

control is necessary to reduce smog effects to the claim that control
of nitrogen oxides is likely to make slog worse at a given hydrocarbon
concentration.

The following conclusions are generally accepted by all investigators:

1. both hydrocarbons arid nitrogen oxides are essential to the
photochemical slog reaction.

2. Highly effective control of either or both contaminants will
be effectifre in reducing all manifestations of photochemical
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3. The magnitude of many smog effects as produced in laboratory
experiments is not directly proportional to the concentrations
of either hydrocarbons or nitrogen oxides considered separately.
For a specific level of either contaminant there is a limited
range of concentrations over which the other may vary and still
produce maximum effect. Depending upon the relative concent_A-
tions of organics and nitrogen oxides, one or the other can
exhibit an inhibitory effect on the progress of the reactions
and the product yields. The inhibitory effect of excess hydro-
carbons, however, -is not as marked as that of nitric oxide.

4. Controlling oxides of nitrogen is effective in reducing the peak
nitrogen dioxide concentration and its persistence in the atmos-
phere.

In some specific areas, findings and conclusions of some of the innor-
tent investigations appear to contradict those of others. Examples of
these findings and conclusions are mmmarised in the following para-
graphs:

The appearance of eye irritation has been related to the arithmet4c,
product of the concentration of-hydrocarbons and nitrogen oxides. 3)

This relationship is illustrated for.ozone formation in Figure 3, taken
from cal early paper presented by Haagen-Bait and F0214(4) This model
of the system leads to the prediction that the benefits of control of
both components are additive and that control of either at any level
will result in improvement in the smog effects. At realistic atmos-
pheric concentrations of reactants the model illustrated in Figure=3
has been applied to eye irritation as well as to ozone formation. The
inhibitory effect of excess of reactants was observed by Dr. Haagen-
Smits but only at reactant concentrations somewhat above ambient levels.

Based on ,analyses of results from several experiments, it has been con-
cluded0) that-the contaminant ratio effect is indeed important at
_atmospheric levels; that moderate hydrocarbon control will result in
increased eye irritation before further control begins to be beneficial;
and that a noticeable reduction in eye irritation effects can be
achieved earlier and maintained longer by first controlling the oxides
of nitrogen. These conclusions are based in part on the interpretation
of results obtained in a study employing auto exhaust performed by the
Los Angeles County Air Pollution Control District under contract to
the California Department of Public Health, and in part on the_inter-
pretation of other studies by that Districti-the U,$. Public Health
Service, and Stanford Research Institute.

-

The conclusions listed above have not been p9 firmed by statistical
analyses of thes.* data using a computer.m From one set of analyses
using computer techniques, it was concluded that there was little
support in the data (those discussed in the previous paragraph) for
action that might interfere with implementation of hydrocarbon control
as it is now proceeding in the State of California. It was found also
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that the postulate of contours similar to those shown in Figure 3
did not describe results from chamber studies.

The State Department of Public Health has also made a computer
analysis of the e_ta produced in the contract study by the Los
Angeles County Air Pollution Control District. The same general
trends were obtained as by the District in the eye irritation
responoe to hydrocarbon and nitric oxide control. However, the

. multiple correlation coefficient was only 0.67, indicating that
results are not highly significant and should be used with caution
for predicting absolute effects of given levels of control. The
ozone and formaldehyde yields as joint functions of hydrocarbon and
nitrogen oxides concentrations were only slightly more significant -
multiple correlation coefficients of 0.72 in both instances. A mil -

tipljb correlation coefficient of 0.99 was obtained, however, for the
-nitrogen dioxide time-concentration data. These data indicate that the
control of nitric oxide would be a more effective way of decreasing
nitrogen dioxide exposure than would be control of hydrocarbons.

The U.S. Public Health Service(7) has studied contaminant concentr--

tions that simulated 75 percent control of both hydrocarbons and nitric
oxide in auto exhaust. Their remits indicate that any degree of hydro-
carbon control would cause a reduction in eye irritation, formaldehyde,
ozone, and plant damage. At high nitric oxide levels, moderate hydro-
carbon control would calm increased time-concentrations of nitrogen
dioxide. The nitrogen oxides level for maximum eye irritation was about
1 ppm for all hydrocarbon levels. (Decreases from 1 ppm of nitrogen
oxides showed less eye irritation.) Similar decreases, however, were
not observed for formaldehyde concentrations. Also, 75 percent control
of nitric oxide-at any hydrocarbon level increased the ozone concentra-
tion. The inhibitory effect of nitric oxide was also evident in the
plant damage phenomenon. As the nitric oxide concentration reached the
hydrocarbon concentration, plant damage disappeared. Any degree of
nitric oxide control was found to be effective in reducing the time-
concentration of nitrogen dioxide.

In a :study of hydrocarbon control on the plant damaging properties of
Irradiated auto exhaust from an automobire-equipped with an afterburner,
it was concluded that control of hydrocarbon alone would reduce eye
irritation, but that nitrogen dioxide and perhaps oth4 Intermediate
reaction products produced a new type of plant damage.0)

The inhibitory effect of excess nitric oxide on.a number of chemical
manifestations of the photochemical system, including hydrocarbon reac-
tion rates, ozone formation rate, and peroxyacetyl nitrate copcpntra-
tion, was demonstrated in the studiee of Gleason and Tuesday.l9) An
example of their findings is shown in- Figure 4. As the hydrocarbon
concentration is lowered, the oxides orattogen concentration at
which maximum manifestation occurs is also lowered. These findings
and a review of published-data appear to be the bases for the statement



PEROXYACETYL NITRATE FROM
PROPYLENE PHOTOOXIDATION

0.08 2-Hour Irradiation

E
o.
0.
- 0.06c

0

4)
U
c
0
c..)

co 0.04
4.,
RI
1.

eso

z
0.03

,..%
4,-. /
a) /
4.)
ca /

-"c, O.

2 ppm

I-
43
a.

Wm

ss

- ,1---.-

OA

Oo
0.2 0.4 0.6 0.8 1.0

Initial Nitric Oxide Concentration, ppm.
SOURCE: REFERENCE 9





"MxiAing experimental evidence not only fails to support this assump-
tion (that nitrogen oxides contrcl will reduce smog effects) but
strongly suggests that the reduction in oxides of nitrogen contemplated
wi)1 increase rather than decreaae both smog incidence and intensity."
This statement was in the testimony given by a representative of th,
Automobile Manufacturers Association, at a public hearing of the Cali-
fornia Department of Public Health on a proposal for oxides of nitro-
gen control.

The California Department of Public Health has conducted chamber
irradiation studies to determine the need for oxides of nitrogen and
hydrocarbon control. In studies of propylene-nitric oxide mixtures,
eye irritation was found to be significantly dependent only on the
hydrocarbon level. An optimum hydrocarbon-nitric oxide ratio was
suggested, btr: the relationship between this ratio and eye irritation
was not firmly established. Formaldehyde production and hydrocarbon
reaction rates were found to be significantly dependent only on hydro-
carbon leVels. The formaldehyde results are illustrated in Figure 5.
Ozone yield-wat-depandent on both nitric oxide and hydrocarbon with
-Strong evidente-of an optima ratio.

Depending upon the initial levels of propylene and oxides of nitrogen,
the control of either could result in an increase or a decrease in the
ozone yie14.--The hydrocarbon-nitric-oxide ratio for optimum yield was
in the vicinity of 2.5 to tut was not sharply defined. There was
some indication that the optimum ratio decreasesiTthe hydrocarbon
levels are lowered. Nitrogen dioxide time-concentrations were inverse.4.
proportional to the hydrocarbon level and directly proportional: -tom the
nitric oxide level. No evidence of dependence on an optimum ratio was
apparent.

TheS.S. Public Health Service is investigating the propylene-nitric
oxide-system in the same concentration ranges employed in the California
Department of Public Health study. Tice experiments are being conducted
under both static and dynLnic irradiation chamber conOttons and their
preliminary y-results have oeen comunicated privately.(10)

Although some differences exist between the U.S. Public Health Service
and the California Department of Public Health propylene-nitric oxide
study results, in general the two studies agree reasonably well. Beth
studies would seem to indicate that_a substantial reduction in nitro-
gen oxide would be needed to- obtain additional improvement in effects
from photochemical air pollution, beyora that produced by a large
reduction of hydrocarbons alone.

PREDICTION OF RFACTIBNINk CONTROL

k-revisw of the conclusion of the various investigators shows that the
understanding Of the mechanimacf the photochemietl reaction is not
sufficiently precise to ompeleniverell agreement on the benefits to

.
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. . expected from nitric oxidicontrol. A consistentpheme, however,
runs through all of the studies which permits predictions of some
effects.

At a given hydrocarbon level, the severity of smog first increases
and then decreases as nitric oxide concentration is increased above
zero. The nitric oxide concentration which produces the most severe
smog increases with hydrocarbon concentration. The converse of this
statement is also true but the point of inflexion takes longer to
reach as the hydrocarbon concentration increases; the inhibitory
effect of excessive hydrocarbon is not as marked as that of nitric
oxide.

Although the result of a given degree of control in the atmosphere
cannot be conclusively demonstrated, the effect of nitrogen oxides
control on each of the known smog effects is.postulated as follows.

OZONE

The inhibitory properties of both nitric oxide and hydrocarbon are
readily apparent in the ozone parameter. The inhibitory effect of
excess nitric oxide is more striking than that of excess hydrocar-
bons.

Naodmun ozone concentrations-are-plotted as functions of hydrocarbon
concentration and nitric oxide concentration for two important studies
in Figursz. 6 and 7. The series shown in Figure 6, performed in a
dynamic irradiation system, indicates that reduction of nitric oxide
down to 04 co-ppm would result in increased ozone concentration. The
series shown_ in Figure 7, run under static conditions, indicates that
ozone-levels would be reduced by nitric oxide control, at least when
hydrocarbon leveli are fairly high.

It is apparent that these two studies yield contradictory conclusions
on the trend of oxidant concentrations with decreasing nitric oxide
concentrations. Most other studies show that decreasing nitric oxide
to some optimum ratio results in increased ozone (see Figure 1).
Further decreases in-nitric oxide result in a corresponding decrease
in ozone. The optima hydrocarbon-nitric oxide ratio varied widely
for the different experimental systems that have been employed.

A substantial reduction in hydrocarbon levels will result in lower
ozone concentrations. Following substantial hydrocarbon control,
however it is possible that reducing nitric oxide will negate some
of the benefits of hydrocarbon control until a high degree of nitric
oxide control is achieved.

-82-





I

E
F

F
E

C
T

S
 O

F
 H

Y
D

R
O

C
A

R
I3

O
'N

 A
N

D
 N

IT
R

O
G

E
N

 O
X

ID
E

S
O

N
 P

E
A

K
 O

Z
O

N
E

 (
C

O
R

R
E

C
T

E
D

 O
X

ID
A

N
T

 )

00
*"

"

".
""

.."
".

..C
'0

1"
."

"*
'."

...
"0

"
..-

01
14 40

.

1-
1

pp
m

 r
sx

)x

3
6

9

H
yd

ro
ca

rb
on

, p
pm

 C

S
O
U
R
C
E
:

L
A
A
P
C
D
C
S
O
P
H
 
A
U
T
O
 
E
X
H
A
U
S
T
 
S
T
U
D
Y
,
 
1
9
6
3

'5
10

F
IG

U
R

E
 7

12
 p

pm
 C

01
1

pp
m

 C

C
--

-3
 -

.p
pm

C

I
1.

0
1.

5
2.

0

C
;c

id
es

 o
f N

itr
og

en
, p

pm



EYE IRRITATION

The variation of eye irritation with nitrogen oxides concentrations
has beenbeen studied in tals,rsnge of ambient air concentrations in two
experimental series.k5A7) Both studies show an optimum nitric oxide
concentration for maximum eye irritationAnd indicate that progres-
sive reductions of nitrogen oxides below the level otl ppm will
reeult,inAess eye irritation. The levels of eye irritation at the
lowest hydrocarbon levels in these experiments were very near the
blank level so the optimum ratio is not precisely defined. Pdrther-
more -the results are not fully in accord with chemical measurements
of known eye irritants made in the same and other experiments.

In the chemical measurements(12) accompanying one of these series,(7)
neither formaldehyde (a known eye irritant) nor total aldehydes show
a tendency to decrease markedly at low nitrogen oxides/hydrocarbon
ratios. Later measurements made under similar conditions(10) show
that the nitrogen oxides level must be reduced to a low value before
appreciable reduction in formaldehyde production occurs. In another-
experiment, the production of a-known-tie irritant - acrolein --has
been shown, to beltedum by reduction of nitric oxide from 2 pm--

---,0-0-.3-01711:-1186einitricoxide was further reduced Q.1 ppn, the
acrolein concentration was reduced only 50 percent.t13)

The appeaz!tof the aldehydes in the-photochemical smog system
does not el that'of ozone. Their formation parallels the
disappearance of the hydrocarbons which occurs at a-maximum rats
shortly after the disappearance of-nitric oxide. The concentration
of aldehydesidurelatively insensitive to changes in nitric oxide
concentration and little effect from anything but a major control of
nitric oxide is expected. By the sanetoken nitric oxide control is
not expected to caussibrmation of -more aldehydes. There is no evi-
dence that excessive concentrations of hydrocartens inhibit the forma
tion of aldehydes.

The class of compounds known as peroxyacyl nitrates (PAN) has been__
reported to be important phytotexicants and eye irritants. They are
produced in law concentrations in the atmosphere. Investigations by
Stephens(11) have demonstrited that the s of PAN parallels
the appearance of ozone. Gleason and 9 have found that PAN
varies with nitric oxide concentration in the same way that the oor-
responding rate of ozone formation does (see Pliers

It appears that sons sys irritants are relatively insensitive to
changes in nitric-oxide concentration and that others may be strongly
affected by variation in nitric_ciide concentration) with-pronounced
dependence on ratio. The optimum ratio for atmospheric conditio
cannot be defined trams existing- weriments1 data.= It can be COW'
eluded that eye irritation will be reduced=by controlling hydrocarbons
alone. If a substantial control of hydrocarbons is adhieved, it is
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not clear that subsequent control of nitric oxide would further
-decrease eye irritation unless a very high degree of control is
also accomplished.

VISIBILITY

There is little information relating to aerosol growth as a function
of hydrocarbon and nitric oxide control. The involvement of sulfur
dioxide as a third variable in the photochmdcal generation of aerosols
complicates the problem of predicting the effects to be expected fron
nitric oxide control. Aerosol formation in smog parallels or follows
that of ozone and PAN, and hydrocarbon control alone is expected to
reduce aerosol formation. Additional benefit nay not be derived from
subsequent nitric oxide control until a high degree of control is
reached.

VEGETATION DAMAGE

Photophcal air pollution damage was first recognised by Middleton
et 4104) in 1944, # comprehensive review of this type of damage was
made by Niddletont15) in 1961. Extensive work at the University of
California at Riverside has shown that ozone and peroxyacetylmitrats
are major components which have phytotoxic potential.

rtie observation(7) that plant dosage does-notoccur under hydrocarbon-
nitric oxide conditions, where the formation of °sone is completely
inhibited,_ is consistent with these flotbogs. It is_aseumed that the
model for ozone and perxgrwalLitrate response to nitric oxide con-
trol as discussed in the sections en 01012* and eye irritation is
appropriate also to the question of vegetation dense.

NITROGEN DIOXIDE MAXIM AND tus-comaarsanam LEVELS _

Nitrogen dioxide in the atmosphere results from the photo-oxidation and
thermal oxidation of the nitric oxide emitted to the atmosphere. The
peak concentration of nitrogen dioxide, therefore, is primarily deter-
pined by the amount of nitric oxide emitted to the atmosphere. This
simple relationship is complicated, however, by the relative importance
of the photo- and thermal oxidation rotes and by the ebonies.' reactions
involving nitrogen dim:14o.! The reactions which consume nitrogen
dioxide may be divided into two elmsamompording to the presence or
absence of nitric oxide. Mile nitric oxide is presents only& :mall
fraction of the nitrogen dioxide is consumed. Thus, in static chamber
experiments, the nitrogen dioxide -oak conceLtratiansapproaches the
initial nitric mid* level. Ph11,..hag the eanversion of nitric oxide
to nitrogen dioxide, other reactions bosoms possible, ultimately 0120

.sumIng all of the nitrogen, dioxide if sufficient organic material is
present.



E

a

When dilution takes place during the photochemical reactions, as in
the atmosphere, the rate of nitric oxide oxidation will affect the
magnitude of the nitrogen dioxide peak.- The faster the nitric oxide
is converted to nitrogen dioxide, the less dilution occurs in the
interim and the greater the agreement between initial nitric oxide
level and peak nitrogen dioxide concentration. It is also conceiv-
able that there is an optimum reaction rate at which maximum nitrogen
dioxide will obtain in the atmosphere. As nitric oxide continued-----
to be emitted to the atmosphere, provided dilution forces are weak,
a ltnger period taken to develop the peak will incorporate more of the
nitric oxide_mmiesions to the atmosphere in that peak and it will be
higher.

Although the nitrogen dioxide peak height is limited by the nitric
oxide concentration, the photochemical rate of its formation is deter-
mined by the concentration of hydrocarbons and other organics in the
atmosphere. Control of these ingredients will tend to slow the rate
at which nitric oxide is converted to nitrogen dioxide, allowing the
dilution forces of the atmosphere to v..ke a greater toll of both the
nitric oxide and nitrogen dioxide, thus reducing the nitrogen dioxide
peak height. -The complete elimination of organics will not prevent
the thermal ord_dation_froa proceeding, however, end although the rate
of this reaction is relatively slow at low ommertrations, it increases
according to the- square of the nitric oxide concentration. In sunlight,
an equilibria& is established which limits the extent of the thermal
conversion, but the c 141te absence of hydrocarbon is necessary for
this effect to beton. significant. In spite of the mitigating effect
of these other influences control of the magnitude of the nitrogen
dioxide peak is most directly dependent upon control of nitric oxide
emissions.-.

More important physiologically than the magnitude of the nitrogen
dioxide peak 2s the nitrogen dioxide dosage - a function not only of
concentration but also of time. Meteorological and photochemical
factors which influence the -rate at which the nitrogen dioxide peak
is reached also regulate the rate at which it disappears. Since
reducing the hydrocarbon concentration results in a reduction of
these rates, moderate control of hydrocarbon is expected to result in
an increased dosage of nitrogen dioxide.

Control of nitric oxide will not only decrease the magnitude of the
nitrogen dioxide concentration but also its persistence in the atmos-
phere. _

CONCLUSION

Precise quantitative predictions cannot be made about the changes in
the photochemical smog effects that would-result from various degrees
of control of either hydrocarbons or nitrogen oxides from motor
vehicles. Although the findings of studies are not always consistent,



the
Department

believes the
following

conclusions are a
reasonable inter-

pretation of the
existing

experimental data:1. The
control of

hydrocarbons, even
without

nitrogen oxides

control, will
produce

beneficial
results with

respect to

the
photochemical man effects - eye

irritation, ozone con -

centration,
visibility

reduction,
and,vegetation damage.

The
improvement

achieved is
expected to be

approximately

proportional to the owes of
control

achieved.
2.

Assuming a
successful

hydrocarbon control
program for motor

vehicles, the
following

conclusions have been made:
a. The

improvement trend in
photochemical smog

effects, with

nitrogen oxides
coLtrol,is-not

expetted to be
proportional

to the
degree of tkAt

control. Little
improvaaent from

nitrogen oxides
control is

expected until some
critical

concentration is
reaeheu,

following which
further

reductions

of
nitrogen oxides will achieve a steep

decline in the smog

effects.

b. A high degree of

nitrogencod4eircontra would result in

additional
iprovemint in

photochemical smog
effects caused

by motor
vehicles. A coal of about 0.1 ppa or less of

nitrogen oxides 'nth,-
atmosphere on days-of

dilu-
tion would

probably b needed to achieve this
benefit.

The less the degree of
hydrocarbon control

accomplished, the

sooner can
benefits be

expected from
nitrogen oxides

control.

The
critical level

mentioned in
conclusion 2a is

progressively

raised as less
hydrocarbon control is

achieved.
4.

Nitrogen
dioxide maxima and the

time-concentration
exposure to

nitrogen
dioxide can be

expected to
increase in the

absence of

nitrogen oxides
control. With

moderate
hydrocarbon

control,

the
time-concentration levels will

increase at a
greater than

-linear rate with
respect to

incriessi
nitrogen oxides

emissions.
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Chapter II

BIOLOGIC EFFECTS OF NITROGEN DIOXIDE

Nitrogen dioxide, which is among the most toxic of the oxides of nitro-
gen, is an important component in the complex of chemicals producing
photochemical smog. It does not occur in community air as an isolated
contaminant. It its potential harmfulness is to be assessed it is
essential to understand its specific biologic effects. This review
is concerned with NO2 as if it were the single toxicant polluting
the air breathed by a community and what standards for community air
would be appropriate with this assumption and current knowledge.

Standards for nitric oxide are not being considered at this time.
Although nitric oxide has been shown to be one-fourth to one-filth as
toxic as nitrogen dioxide in rats (Gray at al, 1952), there he7e been
no known demonstrable cases of human nitric oxide poisoning. Rats
inhaling nitric oxide for as long as nine days, at concentrations of
10 ppm, failed to exceed a detectable level of hemoglobin - nitric oxide
complex (Sancier et al, 1962). The electron spin resonance method for
detecting such complexes would detect as little as one - tenth percent
of the complex in whole blood. Decisions to set air quality standards
for nitric oxide must await further evidence of toxicity of this gas.

REVD)/ OF LITERATURE

Several reviews of the literature on nitrogen dioxide have been pre-
pared in recent years, including those of Goldsmith (1962), the Public
Health Service (1962), Buell (1965), and Stokinger (1965). It seems
unnecessary, therefore, to resucsaarize in this chapter all literature
on the subject in either narrative or chronologic form. Instead,
material has been tabulated in a fashion which permits systematic con-
sideration of effects that might be expected from exposure to various
concentrations shown in ascending order as in Table I. A list of
references, in alphabetical order, is at the end of this chapter.

----

The proven effects-a-NO2 on man and lower animals are confined almost
entitely to the respiratory tract. With increasing dosage, acute
effects arerexpressed as odor perception, nasal irritation, discomfort
on breathing, acute respiratory distress, pulmonary edema, and death.
Nitrogen dioxide's relatively low solubility, however, permits pene-
tration into the lower respiratory-tract. Delayed or chronic pulmon-
ary changes may occur from high but sublethal concentrations and
repeated or continuous exposures of sufficient,magaitude.

EFFECTS ON MAN

Effects on man will be considered first. The odor of nitrogen dioxide.
is detectable e' vele which could occur in atmospheric pollution; 1 to
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3 Kim (parts per million) has been demonstrated to be the thres-

hold for this effect. Nasal irritation and eye irritation, however,

do not psually occur until levels are reached well above those

expected in atmospheric pollution. In one stud;, even at 13 ppm,

only three out of eight volunteers complained of eye irritation,

although seven et ofesight had nasal irritatiox.. Concentrations

which have cattal death from acute pulmonary edema in man have been

poorli documented, but indirect evidence indicates they were in

excess of 100 ppm. The concentrations which lead to delayed effects,

such as bronehiolitic fibrosa obliterans, are also far too high for

relevance to standards (Lowry & Schuman, 19456). There is little in

the literature which verifies pelmoneli effects in man other than

transient disiomfort at concentrations below 50 ppm. The single

report suggesting me h, effects (Vigdortschii at al., 1937) cites

Inot only emphysema multiple symptoms, signs, and hematologic and
ii

biochemical changes ' workers inhaling as little as 2.6 ppm for seve

eral years* however, the report does not contain any diagnostic cri-

teria or data that would permit evaluation. .Reports which indicate

an absence of effects in individuals inhaling up to 20 ppm, or 30-35

ppm, are similarly lacking in data or assurances as to the actual

concentrations of NO2 encountered.

EFFECT ON ANIMALS

It is obviates that experimental and epidamiologic data on man are

extremely limited in the low concentrations likely to be found in

ccarounity air. At the present time, therefore, the biological basis

:or estimating levels at which effects may occur for NO2 must depend

cr. Anim$1 studies. Since the irritant qualities of th.:, gas and the

locus of action are the same, cautious application of these data to

man is justified despite the quantitative differences imown to exist

in the responses of several animal species. Concentrations of NO2

over 200 ppm are fatal to most species even after single brief

exposure - for example 5 to 15 minutes. Concentrations between 100

and 200 ppm, continued for 30 to 60 minutes, were alter fatal to most

species, as were concentrations of 50 ppm or more continued up to

8 hours. Continuous exposures of 25 ppm were fatal to rats but inter-

mittent exposures (6 hour/day) were not. Even concentrations below

5 ppm, if maintained continuously, have led to increased mortality

in rats and mice; while intermittent exposures were not associated

with deaths until concentrations reached 35 to 50 ppm. Two facts

are obvious in reviewing the data on lethal effects. One is that

high concentrations for short periods of time have a greater relative

effect in terms of death or acute pulmonary damage than do lower con-

centrations over longer periods of time (Gray, 1959; Carson at al.,

1962; Hine at al., 1964). The second is that intermittent exposures
with intervening recovery periods are less harntul to experimental

animals than continuous exposures. Of course, neither continuous nor
intermittent exposures are directly comparable to the cyclic and var-

iable exposures encountered in community air.
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Summarization of the animal studios aimed at demonstrating subtle,

chronic, or delayed effects resulting from continued or repeated

exposures to low levels of NO2 is complicated by the great variety

of species, exposure patterns, and timing of observations. In

general, exposures to between 10 and 20 ppe of NO2 produces definite

and persistent pathologic changes in the lungs. between 5 and 10

m, results are equivocal, with animals continuously exposed sometimss

exhibiting changes in bronchial epithelium; but intermittent exposures

yielded negative findings. Balchum et al. hays shown that exposure

of guinea gge to as little as 5 ppm produceski) minor pulmonary

changes and k2) the development of circulating substances capable of

agglutinating normal lung proteins.

Minor changes in the bronchial epithelium have also described

by Freeman and Haydon in rats exposed continuously to 4 ppm for 20

weeks. Although Mitina described distinct pathological changes in

rabbits exposed to 2.8 ppm and 1.4 ppa intermittently for 15 to 17

weeks, other competent workers have not reported such changes n an

male exposed to similar and higher concentrations. A toxic potential

la confirmed by the demoretration by Buell (1965) on the ability of

NO2 to denature what was believed to be collagen and elastin in rabbit

ecTesures in vivo, the increase in oxygen consumption of spleen and

leer homogenates reported by Bucklu and Balchum (1965), and the work

of Pace showing effects on tissue cultures. it is impossible to trans-

late these directly into standards at this ties.

Since NO2 is one of many toxicants present in community air, It is
important that it remain at or below the lowest level at which one

would predict a minimal effect on the health of the most susceptible

individuals in the community. The most sensitive indicator so far

discovered for a biologic effect of NO2 is the production of increased

susceptibility to infection by certain aerosolized bacteria. By this

technique, Ehrlich and Purv!s have demonstrated increased mortality

in mice from 41ebsiella magmata, (at approximately LD50) following

2 hours of exposure to 3.5 ppm NO2, and following 3 months' contin-

uous exposure to 0.5 ppm NO2. However, thic was not found for all

strains of mice and hamsters. Same required over 2 hours exposure at

25 to 30 ppm of NO2. Translation of this effect to man and other

infectious agents can be only speculative at this time. The experi-

ments cited were deliberately designed to create the most sensitive

possible indication. Care was taken not to introduce any direct

effect of the gas upon the microorganisms which might reduce the effec-

tive dosage. Nevertheless, the work appears important in pointing
toward possible interrelationships between air pollutants and altered

responses to infectious disease. A changing and poorly refined group
of susceptible indiviauals would be present in any comsamity, repre-
senting those at the critical point of dosage and immunity to still

unspecified infectious diseases. In this group a minor alteration in
local defensive mechanisms might be critical in determining the course

of an infection. The presence or absence of appropriate organisms
might well determine the consequences in terms of pneumonia or
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bronchiolitis which might follow a more severe exposure to an irri-

tant gas such as NO2. Thus, on the basis of this preliminary explora-
tion and trough the evidence is scanty, the exposure of large popu-
lations.to continued concentrations of NO2 exceeding 0.5 ppa could

not be justified; nor could intermittent exposures above 3.5 ppn.

There Jo no evidence of any carcinopnic effects of NO2 in man, and

that Pith :1 experiments is not convincing. The data of Wagner

et al ,J.r ,), in which the time of appearance of tumors in a tumor-

susceptible strain of mice was questionably accelerated (althougithe

total number over 18 months was not affected) involved too few animals

to be statistically significant and cannot be regarded as proof of such

activity unless repeated. The carcinogenic effect, therefore, does
not appear relevant at this time to the setting of air quality stand-

ards.

The role of particulates which are always present in the atmosphere
is worthy of special corsideration. Boren has exposed mice to NO2-
adsorbed on carbon particles with resultant focal destructive lesions.

This work, like'the still unpublished work of Tyler using 1102 on car-
bon particulates in horses, may alter present views in regard to
acceptable concentrations of pollutants when there are concurrent
particulates which may concentrate chemical action in vulnerable points

of the lung. So far these techniques have not been applied in a man-
ner permitting their quantitative interpretation for air quality stand-

ards. Boren used carbon with approximately 550 mg of NO2 adsorbed

per gram of carbon, of which 525 mg could be recovered by heating or

nesstive pressure. It had been prepared by shaking carbon in a flask

containing NO2 until no more NO2 was adsorbed. No long-tens experi-

ments have been carried out in which particulates have ban introduced
into exposure chambers during the exposure of animals at relatively
low concentrations of 1102: nor has there been any theoretical develop -
ment of the predicted adsorption by carbon or other particles under

such circumstances.

APPLICABILITY OF PRESENT DATA TO AIR QUALITY STANDARDS

A review of the toxicologic studies in lower animals makes it apparent
that NO2 when present for brief exposure periods can be tolerated at
such higher concentrations than when there are continuous exposures
with no opportunities for recovery. In atmospheric pollution, the con-

centration of NO2 is characteristically cyclic and probably sore closely
resembles the intermittent experimental situation, Accepting the

principle that an ambient air quality standard should be based on evi-
dence of a beginning effect on the most susceptible individuals in
the population, existing knowledge has been appraised for such an

effect. The apparent augmentation of certain infections in animals
is the most sensitive indicator so far noted, with detectable odor in
man being the next most sensitive indicator.
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Granting that evidence is still insufficient for a definitive judg-

ment, it at least equals that existing for many other toxic substances

in industrial toxicology and warrants considering tentative levels

for atmospheric NO2 fort
-

a. Long-continued exposure.
b. Brief uzd transient periods of expcsure,

For long-continued exposures without periods of retxvary, the average

concentration should not exceed the range 0.5 to 1.0 ppm. These

values are based primarily upon the evidence of increased mortality

from aerosolized microorganisms after such exposures. Such a level

for continuous exposure would provide a margin of safety against the

effects, often fatal, encountered in continued exposures of lower

animals at levels between 4 and 5 ppm.

For transient exposures, there is no evidence-that any damage occurs

at levels below 3.5 par,, even with susceptible seeeies and individuals.

Accordingly, a level of 3 ppm is suggested as the maximum to be per-

mitted for periods up_to one hour. This is based upon (a) the evidence

for augmentation of infection with exposures of 3.5 ppm, for 2 hours,

with no positive effects at 2.5 ppm for the same period; and (tO the

fact that this level is detectable as an odor by most individuals; and

(c) it appears low enough even if repeated at irregular intervals over
many months not to lead to pulmonary disease.

The above evaluation is made in full cognisance of the fact that other

consideration, such as plant damage, visibility, or combined effects

with other air pollutants, may be more=critical than the health effects

of nitrogen dioxide alone.

WENOWLECGISIIT

This review of information on the health effects of oxides of nitrogen

was prepared for the State Department of Public Health by Dr. tr. Clark

Cooper, Research Occupational Physician and Dr. Irving R. Tabershaw,

Head of the Department of Occupational Medicine, School of Public

Health, University of California at Berkeley, California. Minor changes

have been made to fit the review into format of the report.
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